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m Abstract In recent years the status of the inflammatory bowel diseases (IBDs)
as canonical autoimmune diseases has risen steadily with the recognition that these
diseases are, at their crux, abnormalities in mucosal responses to normally harmless
antigens in the mucosal microflora and therefore responses to antigens that by their
proximity and persistence are equivalent to self-antigens. This new paradigm is in no
small measure traceable to the advent of multiple models of mucosal inflammation
whose very existence is indicative of the fact that many types of immune imbalance
can lead to loss of tolerance for mucosal antigens and thus inflammation centered in
the gastrointestinal tract. We analyze the immunology of the IBDs through the lens of
the murine models, first by drawing attention to their common features and then by
considering individual models at a level of detail necessary to reveal their individual
capacities to provide insight into IBD pathogenesis. What emerges is that murine
models of mucosal inflammation have given us a road map that allows us to begin to
define the immunology of the IBDs in all its complexity and to find unexpected ways

to treat these diseases.

INTRODUCTION

The study of animal models of mucosal inflammation as a means to probe the
pathogenesis of inflammatory bowel disease (IBD) extends back almost a half
century [for reviews of the older literature see Strober (1) and Kim & Berstad

(2)], and it is fair to say that this kind of study embodied the first serious at-

tempt to determine the immunologic basis of this category of disease. One class
of early models is that devised by Kirsner and his colleagues in the early 1960s
in which the mucosal immune system was manipulated in some way to cause a

1The US Government has the right to retain a nonexclusive, royalty-free license in and to
any copyright covering this paper.
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mucosal (colonic) inflammation (3). Perhaps the most interesting of these mod-
els consisted of colonic inflammation that was induced in rabbits via the “Auer
procedure,” wherein rabbits are first immunized with an antigen (such as OVA),
then subjected to disruption of the colonic epithelial barrier with formalin, and
finally are re-administered the original antigen by a local mucosal or system route
(4). This procedure led to a colonic inflammation not unlike that in ulcerative
colitis but was transient even when the procedure was repeated in the same ani-
mal. A more sustained inflammation, however, was obtained in the late 1970s by
Mee et al., who modified the Auer procedure by sensitizing animals (rabbits) to
an Escherichia col-associated antigen (5). Similarly, in studies performed some
10 years earlier, now almost forgotten, Halpern et al. showed that immuniza-
tion of rats with live or deadk. coli (in Freund’s adjuvant) led to chronic colitis
even without introduction of a colonic irritant per rectum; in addition, feeding of
E. coliprevented the development of colitis (6). These studies, together with early
studies of dinitrochlorobenzene-induced colitis reported about the same time as
the studies of Mee et al. and coworkers (5, 7, 8), clearly indicated that an initial
immunologic assault of varying cause on the gastrointestinal tract can lead to more
sustained inflammation as a result of a break in normal “tolerance” to antigens in
the mucosal microflora.

Another class of early models of mucosal inflammation were those produced by
physical agents and included colitides produced by exposure to acetic acid, phor-
bol ester, F-met-leu-phe, and various sulfated polysaccharides such as carageenan,
amylopectin sulfate, and dextran sulfate sodium (DSS) (9—20). One common fea-
ture of these agents appears to be their capacity to disrupt the epithelial cell barrier
and therefore to promote increased cellular exposure to normal mucosal microflora.
Evidence for this comes from studies of DSS-induced colitis in which it has been
shown that DSS alters mucosal barrier function prior to the onset of colitis (19). In
addition, colitis caused by exposure to F-met-leu-phe has also been shown to be
associated with changes in barrier function, in this case mediated by neutrophils
(14). One possible or even probable consequence of this change in barrier function
is that mucosal phagocytes become subject to activation by substances in the mu-
cosalfloraandthis, inturn, leads to antigen nonspecific release of pro-inflammatory
cytokines (e.g., TNF¢) and inflammation. This scenario is supported by the ob-
servation that both DSS colitis and carageenan colitis can be effectively treated
with antibiotics (20, 21).

Disruption of barrier function(s) as a mechanism in physical agent—induced
colitis fits with a second common feature of colitides caused by physical agents,
namely their relative independence from lymphocyte-mediated responses. Thus,
in DSS-induced colitis, itis evident that mice lacking T cells, B cells, and NK cells
can still develop colitis in response to DSS (22). This being said, in the presence of
an intact immune system containing these cellular elements, dextran sulfate leads
to activation of lymphocytes and the induction of Th1 and/or Th2 responses. This
leads to the conclusion that in physical agent—induced s@ifl cell-mediated
inflammation can be superimposed on macrophage-induced inflammation.
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This brief survey of historically important models of mucosal inflammation
leaves little doubt that on close reading they provide data that presaged many of
the findings obtained with a set of newer models that had been extensively charac-
terized over the past decade. Thus, as alluded to above, these models revealed the
critical role of the mucosal microflora in the pathogenesis of mucosal inflammation
and the related role of barrier function as a bulwark against extensive stimulation
of the mucosal immune system by the microflora. In addition, they provide the
first insights into the often overlooked role of antigen nonspecific factors in mu-
cosal inflammation and even provide an early hint of the role of active tolerance
in preventing such inflammation [the feeding studies of Halpern et al. (6)]. These
considerations, of course, are by no means meant to belittle the new knowledge
of mucosal inflammation (and by extension IBD) that have come from studies of
newer models. Not only have the latter provided for the first time a detailed frame-
work for the understanding of the various proinflammatory and antiinflammatory
mechanisms at work in this type of inflammation, but they have also provided us
with invaluable clues as to how the latter can be effectively treated in humans.

In discussing these newer models of mucosal inflammation, we first survey
their common features to derive basic principles of mucosal inflammation that
are applicable to this area of study as a whole. We then discuss major individual
modelsin depth, emphasizing the particular insights derivable from each model and
how each model helps establish the basic principles and mechanisms of mucosal
inflammation. This, the main body of the review, is subdivided into sections on
Th1l models, Th2 models, and barrier function models.

BASIC (GENERAL) FEATURES OF MODELS
OF MUCOSAL INFLAMMATION

As is evident from the detailed review of individual models of mucosal inflamma-
tion that follows, certain recurrent principles emerge that relate to all models to a
greater or lesser extent. These principles together define the basic immunology of
both models of mucosal inflammation and of human IBD, and thus it is useful to
discuss them first in an outline form that can later be fleshed out in the discussions
of individual models to follow.

Final Common Pathways of Mucosal Inflammation

As becomes amply evident below, models of mucosal inflammation reflect a re-
markably wide variety of causes. Nevertheless, the resulting inflammation that
develops is almost always channeled into a final common pathway of inflamma-
tion, mediated by either an excessive Th1 T-cell response associated with excessive
IL-12/IFN-y/TNF-« secretion or an excessive Th2 T-cell response associated with
increased IL-4/IL-5 secretion (reviewed in 23). The great majority of models are
in fact Th1l models, but why this is the case is far from clear (see Table 1). One
factor may relate to the influence of strain on disease because the given model may
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TABLE 1 Models of mucosal inflammation classified by nature of
T cell-mediated inflammation

Thl Models Th2 Models

TNBS colitis (SJL/J mice) TCRe chain deficiency
SCID-transfer colitis TNBS colitis in BALB/c mice**
TCR Tg mice with lymphopenia Oxazalone colitis

IL-10 deficiency colitié WASP deficiency

IL-10 signaling defects (CRF2-4 deficiency)

Tg.26 mice

TNF2ARE mice (TNF« overproduction)
C;H/HeJBir mice

Gi2a-deficient mice

Samp1/Yit mice

T-bet Tg mice

STAT4 Tg mice

TGF-8 RIl dominant-negative Tg mice
HLA-B27 Tg rats

Mdrla-deficient mice

DSS colitis

IL-7 Tg mice

3Abbreviations: SCID, severe combined immunodeficiency; TCR, T cell receptor; CRF2-4, cyto receptor
family 2-4; TNF, tumor necrosis factor; STAT-4, signal transduction and activators of transcription-4;

TGF, transforming growth factor; DSS, dextran sulfate sodium; WASP, Wiskott-Aldrich syndrome

protein.

**Mixed response but initially Th1, later Th2.

Abbreviations: TNBS, trinitrobenzene sulfonic acid; SCID, xx; TCR, T cell receptor; CRF2-4, xx; TNF,
xx; STAT4, xx; TGF, xx; HLA-B27, xx; DSS, xx; WASP, xx.

manifest a Thl character in the SJL/J strain mouse but may manifest a Th2 charac-
ter (or mixed Th1/Th2 character) in the BALB/c mice. A more likely explanation,
however, relates to the fact that in most if not all models the inflammation is driven
by antigens in the normal mucosal microflora, which in effect means that it will
be influenced by mitogens [e.qg., lipopolysaccharides (LPS), CpGs] and superanti-
gens associated with these organisms that tend to induce IL-12 production and thus
Thlresponses. Thisis nicely illustrated by trinitrobenzene sulfonic acid (TNBS)—
colitis in SJL/J mice that manifest increased LPS-driven IL-12 responses, which
are thought to play a key role in the Th1 response elicited by TNBS administration
(see discussion below; G. Bouma & W. Strober, unpublished observations).

A final possibility is that many of the models are due to a failure to regulate
mucosal responses that are essentially normal responses to antigens in the mucosal
milieu. As we see below, such regulation most likely involves the secretion of
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suppressor cytokines such as T@Her IL-10), which is more closely related

to the regulation of Thl responses than Th2 responses (24, 25). In fact, there is
considerable evidence that Th1 responses suppress both the expansiong TGF-
secreting cells and TGB-signaling (26, 27) and, contrariwise, T@Finterferes

with IL-12 signaling (28—30). Thus, Th1l and TGFresponses have a reciprocal
relationship to one another and appear to be mutually exclusive. On the other
hand, there is some evidence that Th2 and TE3Esponses can co-exist and that

it requires higher levels of TGB-to suppress a Th2 response than a Thl response
(25, 31). These considerations suggest that Th1-mediated mucosal inflammations
are more sensitive to defects of regulation (mediated by BB&Ad thus, defects

in regulation will more frequently lead to Thl-mediated inflammation than Th2-
mediated inflammation.

The bias of the experimental models toward Th1-mediated inflammation raises
the question as to when and how Th2-mediated inflammation ever occurs. One
factor is again the nature of the antigen driving the inflammation or, alternatively,
the specificity of the T cell receptor (TCR) on the reactive T cells. In this re-
gard, certain antigens are “Th2-type antigens,” perhaps because the nature of the
antigen dictates the type of antigen presenting cell that induces T cell differenti-
ation in Th2 T cells. Evidence for this is inherent in the fact that one haptenating
agent, TNBS, elicits a Th1 response in SJL/J mice, whereas another, oxazalone,
elicits a Th2 response (31, 32). In addition, a Th2-oriented response may result
in colitis associated with TCR-chain deficiency because in this situation the
T cells utilize a TCR (g88 TCR) that may have the ability to recognize and
expand in response to antigens only under conditions that allow Th2 responses
(33, 34). One thing to keep in mind, however, is that the Th1-mediated inflamma-
tion may switch to a Th2 inflammation under some circumstances. This is seen in
IL-10—deficient mice, perhaps because in the absence of IL-10, cells in which IL-4
signaling leads to GATA-3 suppression of IL-12 signaling gradually accumulate,
and ultimately a Th2 T cell dominates the inflammation (35; A.D. Levine, personal
communication).

Whether a Thl or a Th2 response is responsible for the mucosal inflammation
has considerable impact on the nature of the inflammation because, as we see
below, Thl responses are marked by transmural cellular infiltration that in some
cases is associated with granulomata (i.e., ¥N¥€ model and SAMP1/Yit model)
(36-38), and whereas epithelial cell layer changes are clearly present, they are nota
dominant feature. A similar histopathologic picture is obtained in Crohn’s disease,
and thus it is fair to say that, in general, Thl models are related to this human
disease (23). This presumed association between Th1l models and Crohn’s disease
is also strengthened by the fact that Crohn’s disease is in fact a Thl-mediated
inflammation (39-42). Th2-mediated inflammations are, on the contrary, marked
by more superficial cellular infiltrates associated with a greater disruption of the
epithelial layer and in some cases greater polymorphonuclear infiltration. This
situation is more akin to ulcerative colitis, but this correlation is inexact because
ulcerative colitis has not been clearly shown to be a Th2-mediated inflammation.
Thus, whereas some authors have found high IL-5 levels in ulcerative colitis, IL-4
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levels are quite normal. Clearly, if a Th2 inflammation is present in ulcerative
colitis, it is a highly atypical Th2 inflammation (39, 40).

Cellular Elements Involved in Mucosal Inflammation

ANTIGEN PRESENTING CELLS Antigen presenting cells (APCs) in mucosal tissues
are probably key cells in the induction of both mucosal effector and regulatory cell
responses. Hence, it is likely (but not yet proven) that defects of T cell responses
arise either from defects in APC function or APC-T cell interactions. Alternatively,

it is possible that APCs are the target of regulatory cells, a possibility proposed
by Malmstrom et al. in relation to OX40-positive APCs present in the mesenteric
nodes of mice with SCID-transfer colitis (43).

Macrophages, a type of APC, are activated in mucosal inflammation and func-
tion mainly as effector cells. However, these cells may also be involved in regu-
latory interactions. This possibility is realized in mice with myeloid cell-specific
STAT3 deficiency that have macrophages that cannot produce several STAT3-
dependent cytokines, such as the important regulatory cytokine, IL-10 (44). Thus,
in vitro macrophages in this model of inflammation exhibit heightened effector ac-
tivity characterized by increased LPS-induced production of IL-12, TNFE-6,
and IL-18; thus, in vivo these macrophages lead to LPS-induced mucosal inflam-
mation.

TCELLS T cells play multiple roles in experimental mucosal inflammation both
as effector cells and regulatory cells. The former are mainly-€D4ells because
these cells make up the main cell populations that infiltrate mucosal tissues in all
models so far studied and because in instances in which they are deleted in vivo,
inflammation is ameliorated (45). CBS8T cells are also present in tissues but do
not appear to play a decisive pathologic role because in the few instances in which
they were deleted in vivo no major effect on inflammation was obtained (46).
This does not, however, rule out a supportive pathogenic role because increased
cytotoxic T cell function has been observed in some of the models (47). Evidence
has recently appeared that indicates that loss of epithelial cells in ulcerative colitis
can be attributedota T cell or NK cell-mediated cytotoxic event (48). The above
information on the role of cytotoxicity in models would suggest, however, that
even if cytotoxic elimination of epithelial cells occurs in ulcerative colitis, such
cytotoxicity is not likely to be a major component of the overall immunopathologic
process.

y8 T cells, i.e., T cells confined to the intra-epithelial compartment, do not
play an important role as effector cells in any form of colitis, except perhaps
in TCR- chain—deficient mice, in which they are present in increased numbers
(49). In recent studies it has been shown that whep&aE cells cannot in them-
selves induce colitis (in lymphopenic TGRehain—deficient mice), injection of
anti-TCR antibody into TCRe chain—deficient mice prevented development of
colitis (50). On this basisys T cells in this context appear to play an accessory
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role in the inflammationy$ T cells also do not have a major regulatory role in
mucosal inflammation, ag chain—deficient mice do not develop inflammation
(51). Here too, however, one can find an exception, in that mice lagidrigcells

are reported to develop more severe TNBS-colitis (52). Finally, one very definite
and in this case positive role B T cells in mucosal inflammation is their role in
the healing of mucosal inflammation. This is shown by the fact that intra-epithelial
y§ T cells produce factors, notably keratinocyte growth factor, that may facilitate
restoration of epithelial cell barrier integrity in DSS-colitis (53).

Whereas, as indicated above, CP7 cells can function in the various models
as either Thl or Th2 effector cells, they can also function as regulatory cells.
With regard to the latter, several different types of cells have been described,
but it is very possible that these are in reality one cell that appears in different
disguises. One type of regulatory cell is a T@BFsecreting T cell (a so-called
Th3 cell), which is the cell induced by antigen feeding during the development
of oral tolerance. The mucosal cytokine milieu necessary for the induction of
this cell is not well understood, although it is known that Th2 conditions favor
induction and Th1 conditions inhibit induction (reviewed in 24, 26, 27). IL-10 has
been seriously considered as a possible inductive cytokine for this cell, but in
recent studies of oral tolerance induction as well as in in vitro studies of Th3
T cell development from naive cells, IL-10 has no direct inductive effect on the
development of Th3 T cells and may enhance Tgproduction only through its
capacity to down-regulate Thl responses. However, in the same in vitro studies
TGF-8 itself had a positive autocrine effect on its own secretion (54). A second
type of regulatory cellis an IL-10 secreting cell (a Tr1 cell), which may also secrete
small amounts of TG (55). This cell has poor proliferative capacities and in
initial studies was induced by sequential antigenic restimulation in the presence
of IL-10. More recently, however, it has been shown that both IL-10 anddFN-
are necessary for its induction (56).

Yet another regulatory cell is the CD25T cell, which is a thymus-derived
cell that inhibits effector T cells via cell-cell contact rather than secretion of an
inhibitory cytokine (57, 58). Recently, however, Nakamura et al. have reported
data that show that most CD25T cells bear surface TGB-in the form of a latent
TGF-8 protein (TGF8 associated with latency-associated protein) and secrete
TGF-8 and IL-10 when activated in the presence of IL-2 and/or strong costimu-
latory signals (59). These authors suggest that under minimal stimulation condi-
tions that might occur prior to inflammation, these cells inhibit via cellular contact
and activation of the surface TG#-at the cell-cell interface. In contrast, they
suggest that under maximal stimulation conditions that occur in the presence of
inflammation, CD25- T cells inhibit via secretion of TGIB-and IL-10. Thus, the
CD25+ T cells have qualities of both Th3 and Tr1 regulatory cells.

A final type of suppressor cell is the NK cell or NK-T cell. The former has
been shown to suppress inflammation in the SCID-transfer model of colitis (60),
whereas the latter has been shown to suppress inflammation in DSS colitis (61). The
NK-T cell preferentially recognizes glycolipid antigens presented via an atypical
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MHC class | molecule (CD1d), which is ordinarily expressed on dendritic cells, B
cells, and epithelial cells; thus, this cell may be activated via antigens presented by
both epithelial cells and more conventional APCs (62). The mechanism by which
NK or NK-T cells suppress mucosal inflammation or other forms of inflammation

is poorly understood, as their possible cellular targets of suppression are presently
unknown.

B CELLS Whereas autoantibodies are found in some models of colitis as well as
in human IBD, it does not appear that B cells play a role either in induction of
mucosal inflammation or its maintenance. In fact, in the one instance that B cells
have been actively studied, in the Th2-mediated inflammation in &CGRain
deficiency, they appear to play a protective role rather than a pathologic role (see
below) (63). Whether such protection also occurs in human IBD is not known.

EPITHELIAL CELLS Epithelial cells form a barrier against exposure to mucosal
microflora and other mucosal antigens and thus play a key role in the down-
regulation of mucosal immune response. As is evident from the discussion of
individual models of mucosal inflammation below, in several models alterations
in this barrier are the primary cause of colitis (64, 65), whereas in several other
models a change in barrier function is a contributory (secondary) factor (66).
Epithelial cells also function as sensors of the bacterial microenvironment and
release chemokines in a programmed fashion when in contact with pathogens.
Such chemokine release has the effect of drawing leukocytes into peri-epithelial
sites, which then setup the firstline of defense againstinvading organisms. Whether
such chemokine release also plays a role in the initiation of mucosal inflammation
is not yet clear. That it may is suggested by a recent studydifla-deficient

mice, i.e., mice whose epithelial cell cannot expel proteins from within the cell
including those proteins derived from infectious pathogens (65). As described
below, such mice develop colitis that is likely to be due to prolonged secretion
of chemokines and cytokines rather than a break in the epithelial cell barrier
per se.

Broad Categories of Mucosal Models of Inflammation

As discussed in several previous reviews (24, 67—69), mucosal immune responses
are fine-tuned by opposing immune mechanisms that on the one hand lead to effec-
tor cell responses addressing host defense at mucosal surfaces and on the other to
tolerogenic responses preventing inflammatory reactions to the myriad of antigens
in the mucosal environment. It is now apparent that the tolerogenic response has
two major componentsaj processes by which mucosal antigens (in the form of
unadjuvanted proteins) bring about “classical” tolerance via induction of T cell an-
ergy or deletion either in the mucosal tissues per se or upon gaining entrance to the
circulation and the central lymphoid tissues; abgprocesses by which mucosal
antigen induces regulatory T cells, which secrete antigen-nonspecific suppressor
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cytokines such as IL-10 and TG#-These two tolerogenic processes operate in
tandem and are probably both necessary to maintain mucosal homeostasis. Thus,
whereas induction of anergy/deletion can greatly reduce the number of T cells that
can respond to a mucosal antigen, it is probably not able to eliminate all such T
cells, and the latter become memory cells potentially able to evoke inflammatory
responses. These latter cells are held in check, however, by a cadre of regulatory
T cells that respond to the same stimulating antigen.

We must bear in mind that the main antigenic pool to which mucosal home-
ostasis must apply is the antigenic pool associated with the mucosal microflora,
which by their persistence and proximity are formally equivalent to self antigens.
Given the inevitable inefficiency of a deletion mechanism in relation to so large
and mutable an antigenic pool and given the fact discussed above that a full scale
effector cell response tends to obliterate a regulatory response (at least for a period
of time), the burden (or the challenge) of the mucosal tolerogenic mechanism may
fall disproportionately on regulatory cell function. This view is amply supported
in the discussions of the individual models below in which the origin of the in-
flammation can be repeatedly traced to an inadequate regulatory response rather
than to a hyperactive or excessive effector response to antigens in the mucosal
microflora.

The mechanisms governing the development of mucosal tolerance (also called
oral tolerance) are not yet completely understood. One important mechanism prob-
ably relates to the special nature of the mucosal dendritic cell population, which
may have an increased propensity to present antigen in a way that induces either
anergic/deletional tolerance or suppressor celltolerance. Recent work showing that
subsets of mucosal dendritic cells have a substantially different cytokine secretion
profiles than spleen dendritic cells, i.e., produce more IL-10, supports this concept
(70, 71). Nevertheless, much remains to be learned about the origin of these cells
and how they shape mucosal responses. In particular, it is not known how these
cells are influenced in their development by the adjacent epithelium and how, in
turn, these cells induce either the de novo development of regulatory cells or the
expansion of a preexisting population of regulatory cells.

In any case, the above considerations allow us to classify models of mucosal
inflammation into two broad categories (Figure 1): “type 1 models,” wherein the
defect lies with the effector mechanisms of the mucosal response and “type 2
models,” wherein the effector cell response is normal, but the regulatory cell
response is impaired. One example of a type 1 model is the colitis seen in mice
bearing a STAT4 transgene (72). These mice have an increased propensity to mount
a Th1l T cell response because of excessive responsiveness to IL-12 signaling;
thus, when T cells from these mice are exposed to autologous bacterial antigen in
vitro and then transferred to a SCID recipient, they induce colitis in the recipient,
whereas naive T cells from normal mice do not. A second example is TNBS colitis
in SJL/J mice, wherein it is thought that the colitis is preceded by and is dependent
on a genetically determined IL-12 hyperresponsiveness ignited by a disturbance of
epithelial barrier function by ethanol followed by exposure of the mucosal APCs
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TABLE 2 Models of mucosal inflammatién

Type | models Type Il models

TNFARE mice SCID-transfer colitis

TNBS colitis IL-10 deficiency and IL-10 signaling defect colitis
?GH/HeJBir mice ?GH/HeJBir mice

Gi2«-deficient mice IL-2-deficient mice

STAT4 Tg mice TGFB RIl dominant-negative mice

N-cadherin dominant-negative mice  /P§ mice

IL-7 Tg mice

DSS colitis

Mice with NF«B defects

Unidentified: SAMP1/Yit mice; HLA-B27 Tg rats, mice with Wiskott-Aldrich syndrome protein deficiency.

Abbreviations: TNF, xx; TNBS, trinitrobenzene sulfonic acid; STAT4, xx; DSS, dextran sulfate sodium; SCID, xx;
TGF, xx. For other abbreviations, see Table 1.

to antigens in the mucosal microflora (32). This response then conditions the mice
to respond to TNBS with a massive Thl response that rapidly inhibits a normal
counter-regulatory response.

Type Il models, i.e., models that result from an inadequate regulatory response,
are exemplified by the SCID-transfer model wherein transfer of naive CH45R
cells leads to colitis, whereas transfer of both naive and memory (CD25RB
cells does not (73). In this model, as described more fully below, the memory cell
population contains regulatory cells so that transfer of only naive cells leads to an
inadequate regulatory response and colitis. A second type Il model that results from
inadequate regulation is that seen in mice bearing a dominant-negative8 TGF-
RIl chain (under a CD4 promotor) that abrogates TGFsignaling (74, 75).
Here, regulatory cells are present, but they cannot function adequately because
their intended targets are “blind” to their signals.

In the following detailed review of various models, we characterize their basic
mechanisms as a type | model (faulty effector cell function) or as a type Il model
(inadequate regulatory cell function), and in Table 2 we have categorized most of
the models on this basis.

Figure 1 (upper panél The normal mucosal immune system displays a balanced
effector T cell response (Thl or Th2) and regulatory T cell response (Th3 or Trl).
(lower panel3 The abnormal mucosalimmune system displays an unbalanced response
consisting of either excessive effector cell response (type | models) or inadequate
regulatory cell response (type Il models).
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The Role of Mucosal Microflora in the Induction
of Mucosal Inflammation

Regardless of whether the experimental mucosal inflammation is type | or type
Il in character as defined above, the driving force of the inflammation is the non-
pathogenic commensal organism resident on the mucosal surface, the mucosal
microflora. This is supported by the data in Table 3, which shows that, with per-
haps one or two exceptions, mice developing disease in a specific pathogen-free
or conventional environment do not do so in a germ-free environment, and in most
instances disease is ameliorated when the mice are treated with antibiotics that rid
the mucosa of certain classes of organisms (reviewed in 21, 76-85).

Exceptions to this consistent pattern are informative. The first exception is the
IL-2—deficient mouse, which develops severe and aggressive gastrititis, duodenitis,
and colitis under conventional conditions but only nonfatal, mild, focal, and non-
proliferative gastrointestinal inflammation under germ-free conditions (80, 81, 86).
In addition, these mice develop peri-portal hepatic inflammation, anemia, and
generalized lymphoid hyperplasia, which is not ameliorated by the presence of a
germ-free state. Thus, this exception to the rule can be explained if we assume
that autoimmune inflammation against nonmucosal self-antigens is a component
of IL-2 deficiency disease. The second exception is the induced colitis known as
dextran sulfate colitis or DSS colitis. This model of colitis can also be observed
under germ-free conditions (at least in some studies), although it is ameliorated
by antibiotic treatment (21, 83,84). This can be explained by the fact that this

TABLE 3 Colitis in models of mucosal inflammation in germ-free vs.
specific pathogen-free (SPF) or conventional conditions

SPF Germ-free Antibiotic treatment

SCID-transfer colitis + 0 ¢
IL-2 deficiency colitis ++ Mild, focal®?  ?
IL-10 deficiency colits ++ 0

Tge26 + 0
TCR-« chain colitis + 0 ?
SAMP-1/Yit mice + 0 ?
DSS colitis + 0/+P
Carageenan colitis + 0

Indomethacin colitis + 0

aSee references 80, 81, 86.

bSee references 21, 83, 84.

‘Decreased colitis.

Abbreviations: SCID, xx; TCR, T cell receptor; SAMP, xx; DSS, dextran sulfate sodium.
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is a colitis caused primarily by direct activation of macrophages by a physical
agent (DSS), and T cell responses appear to be superimposed phenomena that car
aggravate but are not essential to the inflammation. Thus, this exception to the rule
is due to the fact that the colitis is at least in part driven by nonimmune factors.

Additional and more direct evidence that mucosal microflora drive mucosal
inflammation in models of mucosal inflammation comes from studies showing
that mouse lamina propria T cells are usually unresponsive to their own microbial
flora (with respect to either proliferation or cytokine production) but are responsive
to the microflora of other individuals even if the other individual is a mouse of the
same strain (87, 88). Thus, quite remarkably, oral tolerance to “self flora” appears
to be every bit as specific as tolerance to “self antigens.” A related observation is
that mice with TNBS colitis lose their nonresponsiveness to their own flora and
regain itwhen the colitis resolves (88). This suggests that the colitis is at least in part
driven by the antigen in the microflora, either as a result of cross-reactivity to TNBS
or because with the onset of colitis, tolerance to many microflora antigens is lost.
Those latter possibilities are supported by the finding that systemic immunization
of IL-2—deficient mice with TNP-KLH or other TNP-substituted proteins produces
rapid onset of colitis that is identical to the spontaneous colitis occurring in these
mice (89). It is important to note that such loss of tolerance to self flora is also
a feature of human inflammatory bowel disease (IBD), a fact suggesting that the
human disease is also due to loss of tolerance to self microflora (87, 88, 90).

Athird kind of evidence supporting the fact that antigens in the normal microbial
flora drive mucosal inflammation comes from an extensive series of studies of the
spontaneous colitis occurring in an LPS-nonresponsiy/ifeJ mouse substrain
(called GH/HeJBir mice), which is discussed more fully below. Suffice it to say
here that CD4 T cells stimulated in vitro by lysates of resident bacteria can
transfer disease to naive disease-free recipients (91, 92). Similarly, studies of mice
bearing a STAT4 transgene show that in vitro exposure of T cells from mice
with an increased propensity to undergo Thl T cell differentiation to autologous
microfloral antigens induces in these T cells the capacity to cause a Thl colitis in
SCID recipients (72). Together, these studies provide a direct demonstration that
T cells specific for mucosal microflora act as effector cells in models of mucosal
inflammation. It should be noted, however, that whereas effector cells inducing
colitis can be stimulated by antigens in the mucosal microflora, regulatory cells
can also be so stimulated. This is shown in additional studiestéftifeJBir mice
in which it was found that cell lines producing IL-10 could also be derived from
these mice, which upon co-transfer with effector cells prevented development of
colitis (reviewed in 93). From these studies and other studies below it is evident
that the mucosal microflora can also induce regulatory cells, and it is really the loss
of balance between induction of effector and regulatory cells that defines when
disease occurs.

The fact that the mucosal microflora is the major driving force in experimental
inflammatory disease should not be taken to imply that all bacterial antigens take
partin the disease process or even that the same antigens are necessarily implicatec
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in a number of different models of inflammation. This is evident from the studies
of the aforementioned 4EI/HeJBir model showing that relatively few antigens
within the large antigenic pool of the mucosal microflora are actually found to
stimulate B cells or T cells during the course of the disease (92). One must hasten
to add, however, that while the number of stimulating antigens was low relative
to the total number of antigens present, it was still considerable (see below).
A similar situation is observed in the SCID-transfer and T&Rhain—deficient
mouse models (34, 94). In the latter, T cells with aberrant T cell receptors (TCRS)
exhibit restricted T cell clonality in conjunction with a common (public) motif

in the CDRS3 region of the TCR (33, 34). However, in this case the aberrant TCR
probably dictates a limited ability to recognize the full set of antigens and thus,
may exaggerate the narrowness of the antigenic repertoire recognized by the colitic
mice. Similar considerations apply to human patients with IBD who also exhibit
restricted T cell clonality and evidence of public motifs among the cells present
in lesional tissues (95). Thus, in some patients with IBD there is evidence that
the restricted T cell clonality reflecting the presence of a limited group of related
stimulatory antigens may be involved in disease pathogenesis. However, in the
majority of patients the data are more consistent with a broader T cell response
that is characterized by the presence of private motifs that vary from individual to
individual.

The restricted yet variable nature of the antigens of the mucosal microflora ca-
pable of evoking mucosal inflammation does not conflict with the fact that mono-
association of HLA-B27 transgenic rats or mice with IL-10 deficiency and BCR-
chain deficiency witlBacteroides vulgatusan lead to colitis (76, 77, 96, 97). First,

B. vulgatusis likely to be one among many organisms that can induce disease.
Second, the effects &. vulgatusmono-association may relate to the its ability to
synergize with other Enterobacteriaceae in causing infection or to augment inter-
nalization of selected strains of bacteria (98). Similarglicobacter hepaticus
infection causes disease in IL-10—deficient mice under some animal room condi-
tions but not others (99, 100). In addition, in one study microflora that inclbided
hepaticusaused colitis in Rag-2—deficient mice but not Rag-2—deficient mice also
deficient in IL-7 or Rag-2—deficient mice treated with IL-10 (101). Because over-
production of IL-7 by epithelial cells is a cause of colitis in another model (102),
these results suggest that the ability of an organism to cause colitis may depend on
its ability to directly stimulate a particular cytokine pattern in the mouse host and
thereby cause undue activation of certain cell populations, such as macrophage
populations.

Studies involving antibiotic treatment of murine models of inflammation with
antibiotic also attest to the fact that many bacterial species are capable of promoting
inflammation. Thus, whereas either ciprofloxcin or a combination of neomycin and
metronizadole could prevent colitis in IL-10—deficient mice, only the combined
antibiotic regimen was successful as a treatment of the colitis (85). Similarly,
combinations of vancomycin plus imipenem were necessary to treat disease in
IL-10—deficient mice, DSS-treated mice, and HLA-B27 transgenic rats, and other
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combinations of broad spectrum antibiotics were necessary to treat mice with
TNBS colitis (21, 76,77, 103).

In line with the above discussion of effector and regulatory cells stimulated by
mucosal microflora, certain organisms appear to be particularly involved in the in-
duction of mucosal inflammation, presumably owing to their capacity to stimulate
effector cells, and other organisms may have a special capacity to quell inflamma-
tion via an enhanced capacity to stimulate regulatory cells. Evidence in favor of
this concept is that introduction dfactobacillusspecies into the mucosal envi-
ronment of IL-10—deficient mice prevents the development of colitis of the mice
under specific pathogen-free conditions (104). Additional evidence comes from
the observation that whereas colitis in mice wittrladeficiency is worsened by
infection with Helicobacter bilj it is ameliorated by infection withl. hepaticus
(105). Finally, spontaneous colitis in the SAMP1/Yit mouse is more severe in a
pathogen-free environment than in a conventional environment (37). This finding
is relevant to human IBD because it is possible that the increase in the incidence
of IBD observed in developed countries may be due to the fact that exposure to
organisms that could ameliorate potential inflammation is decreased in these coun-
tries. This view is consistent with recent studies by Dalwadi et al. showing that
a superantigen (called 12) derived frdAseudomonuspecies is associated with
Crohn’s disease lesions and induces the regulatory cytokine IL-10 in vitro (106).
Overall, these considerations make it likely that the presumed nonresponsiveness
to mucosal flora may be more apparent than real in that normal organisms are
responding to antigens in the mucosal microflora but only in the negative sense
of inducing regulatory cells or the production of organism-specific IgA antibodies
that regulate colonization and translocation.

A final point of some interest is that the bacterial flora present in a particular
niche in the intestine may have increased importance in eliciting inflammation
in an animal model. Thus, creation of a cecal self-filling blind loop in HLA-B27
transgenic rats leads to proliferation of anaerobic bacteria, espeBatgroides
species and a more severe transmural cecal inflammation (103). Moreover, ex-
clusion of the cecum leads to reduced gastric inflammation. Finally, in &CR-
chain—deficient mice, early removal of the tip of the cecum containing a large lym-
phoid aggregate leads to attenuation of subsequent colitis (107). Thus, itis possible
that bacteria occupying a particular area of the intestine are of increased importance
in generating effector cells that ultimately cause disease in all parts of the intestine.

In summary, there can be no question from the foregoing discussion that the
mucosal microflora play a critical role in models of mucosal inflammation by
providing the major stimulus for the induction of effector T cells that cause the
inflammation. This being said, it is also apparent that no single bacterial antigen
has yet been shown to be responsible for this stimulation, although clearly some
bacteria may be more important than others in this respect. Thus, whereas a con-
tinued search for a particular organism and/or antigen that causes IBD remains
an important goal of some IBD investigators, the advent of models of mucosal
inflammation that collectively show that mucosal inflammation is associated with
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inherent immune defects in the face of an unaltered flora indicates that this goal
may prove futile.

Genetic Factors in Models of Mucosal Inflammation

STUDIES IN MOUSE MODELS The possible genetic factors underlying models of
mucosal inflammation have only recently received attention. Such factors could
conceivably be operative both in models of spontaneous or induced colitis in mice
strains with no known underlying genetic defects, or in mice with a known gene
deletion or over-expression. In the latter case the genetic factor could conceivably
influence the expression of the known gene defect. Evidence of such factors has
been shown in relation to DSS colitis, in which it has been demonstrated that
different mouse strains have different susceptibilities to disease (108, 109). Not
surprisingly, strains in which mucosal inflammation has occurred spontaneously,
such as the ¢H/HeJBir mouse, have proved highly susceptible to DSS colitis, as
did autoimmune-prone NOD mice of various types (108). Interestingly, Non-/LtJ
mice were quite resistant to DSS colitis even though NON mice are congenic with
NOD with respect to MHC. This lack of involvement of MHC genes in this form

of colitis, if generalizable, is consistent with the view that no single antigen or set
of antigens is involved in inducing experimental mucosal inflammation.

In a second published study of genetic factors, a genome-wide search for quan-
titative trait loci (QTL) for susceptibility to DSS colitis in susceptiblgiZHeJ
mice was conducted (110). In this study thgHHeJ mice were crossed with
partially resistant C57BL/6 mice and strain-specific genetic areas associated with
occurrence of colitis in their F2 progeny was determined. A number of QTLs were
identified including those on chromosomes 1, 2, 5, and 18. In addition, several
resistance loci were identified in susceptible NOD/Lt strain mice carrying resis-
tance alleles from either B6 on chromosome 2 or from NON/Lt on chromosome
9. Thus, the genetic factors present in DSS colitis were highly complex.

A third study of genetic factors in mouse models examined genetic factors con-
trolling disease severity in IL-10—deficient mice (111). Here, IL-10—deficient mice
on a GH/HeJBir background manifested severe colitis when intercrossed with IL-
10—deficient mice on a C57BL/6 background that manifested mild colitis; this was
done to determine inheritance of disease in the F2 generation and thus to identify
QTLs. A GH-derived colitogenic locus was found on chromosome 3 in two sep-
arate studies. This locus interacts in a complex fashion with other loci including a
BL6-derived QTL on chromosome 18, al-derived QTL on chromosome 8 for
cecal lesions, and az8-derived disease QTL on chromosome 3, chromosome 9,
and chromosome 19. These crosses thus found colitogenic susceptibility modifier
genes that interact with IL-10 deficiency to cause more severe disease.

Finally, an as yet unpublished study of genetic factors in TNBS colitis using
susceptible SJL/J mice and resistant C57BL/6 mice subjected to a similar genome-
wide search revealed loci on chromosomes 9 and 11 (G. Bouma & W. Strober,
unpublished observations). These findings parallel those derived from a recent
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study of SAMP1/Yit mice that also revealed the existence of a locus on chromo-
some 9 (112). Thus, a QTL in chromosome 9 may well harbor an important gene
involved in susceptibility to colitis both in mouse models of inflammation and in
humans. The QTL in chromosome 11 in the study of TNBS colitis is also of interest
because the tendency of this strain of mice to manifest high IL-12 responses maps
to the same region. Thus, the possibility emerges that a gene controlling IL-12
responses is an important susceptibility gene in a model of colitis as well as in
IBD.

STUDIES IN HUMANS WITH IBD One area of research into mucosal inflammation
in which studies of humans with IBD can inform us about murine models of
inflammation rather than vice versa is the area of genetic factors operating in these
abnormalities. Two developments in the study of IBD are relevant. The first is
that large-scale genome-wide searches conducted in families containing multiple
members with IBD have led to the identification of 12 chromosomal loci associated
with the occurrence of disease (113). In some but not all cases these loci have been
confirmed by two or more independent studies and thus are genomic areas where
disease genes can eventually be found. The finding that human IBD is a multigenic
disease as implied in these human studies has relevance to the murine models, as
it indicates that multiple genes are involved in the murine models even when the
latter is due to a known genetic defect. This explains the fact that the expression of
disease in, for example, Gi2a-deficient mice varies greatly with the strain of mouse
bearing this defect. Finally, it is important to note that studies of susceptibility and
resistance genes for murine mucosal inflammation, such as those discussed above,
can greatly facilitate this search for disease genes in humans because the location
of identified murine genes can ultimately be linked to syntenic genes in humans.
The second development in the study of IBD is that the gene located in the
most well established of the above loci, that in IBD-1, has recently been identified
by two independent groups using two independent techniques (114, 115). These
groups have shown that a gene encoding the protein present in macrophages and
known as NOD-2 is a disease gene in Crohn’s disease; some 10-20% of individuals
with the disease have mutations in NOD-2 and those that are homozygous for a
mutated gene will invariably develop the disease. The function of the NOD-2 gene
is poorly understand and thus its relation to the pathogenesis of IBD is essentially
unknown. As reviewed by Beutler (116), some hints as to its function come from a
knowledge of its structure: NOD-2 contains on one end a leucine-rich region where
most of the mutations have been found and on the other end a caspase recruitment
domain. Leucine-rich regions are thought to be binding regions and are found in
toll-like receptors (TLRs). Thus, one possibility for the function of NOD-2 is that it
interacts with ligands of TLRs (LPS and other bacterial products) that have gained
entrance to the interior of the cell and then activate thedBRpathway through
RICK, a protein known to bind to NOD-1, a close homologue of NOD-2. In this
scenario, mutations of NOD-2 in Crohn’s disease are gain-of-function mutations
that lead to increased NEB activation and inflammation. This would imply that
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processes involved in natural immunity (i.e., interactions of bacterial products with
substances similar to those on TLRs) rather than adoptive immunity may play
an important role in the initiation of Crohn’s disease. An alternative function of
NOD-2 relates to the presence ofthe caspase recruitment domain and the possibility
that NOD-2 is involved in caspase activation and apoptosis.One could propose that
the mutations are loss-of-function mutations that lead to decreased apoptosis and
thustothe persistence of cells that produce inflammatory cytokines. Atthe moment,
neither of these possibilities is supported by either in vitro or in vivo evidence,
and further studies are necessary to decide their validity or, indeed, the validity of
other possibilities.

Finally, with respect to the murine models of mucosal inflammation, none
have yet been identified that appear to have NOD-2 mutations. Nevertheless, it is
still possible that one or more of the models with no identifiable cause such as
a SAMP1/Yit model can be due to a NOD-2 mutation, particularly because this
model so closely resembles human Crohn’s disease (see discussion below). In addi-
tion, it is possible that, as implied above, a NOD-2 mutation acts as a contributing
“background” abnormality determining susceptibility to mucosal inflammation
primarily owing to another defect.

Th1 MODELS OF MUCOSAL INFLAMMATION

By far the most common immunologic mechanisms leading to a model of mucosal
inflammation are those involving a dysregulation of the Thl T cell pathway. As
already mentioned, the most important reason for this Thl bias is that conditions
in the mucosal environment, particularly the ubiquity of substances that induce
IL-12, favor excessive Thl response over excessive Th2 response if and when
there is an imbalance in mucosal immune homeostasis. In general, the nature of
the inflammation at both the macroscopic and microscopic levels in Thl models is
most closely related to Crohn’s disease, and indeed, this disease has quite clearly
been shown to be due to a Th1 T cell disturbance (or a set of disturbances).

Of the various Th1l models, two have been studied most intensively and have
yielded insightful information. We discuss these models in some detail.

TNBS Colitis

Hapten-induced colitis [trinitrobenzene sulfonic acid (TNBS)—caolitis] is an im-
portant model of mucosal inflammation because it allows for the study of early
or initiating events in the development of a mucosal inflammation and because it
allows analysis of the relation of the response to a specific antigen (a hapten) to
the overall mucosal immune response leading to colonic inflammation. Whereas
this model has been the object of study for over two decades (117, 118), it was
not until 1995 when Neurath et al. showed that TNBS administered per rectum
(in the presence of ethanol) to SJL/J mice resulted in a transmural infiltrative
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disease limited to the colon and owing to an IL-12—driven, Th1-mediated response
(32). The latter was definitively demonstrated by the fact that treatment of mice
with only a single dose of anti—-IL-12 antibody results in complete prevention of
TNBS colitis or, in the case of mice with preexisting and ongoing disease, in
complete and rapid disappearance of the inflammatory lesion (32). In addition, it
was shown that, in common with the colonic inflammation seen in IL-2-deficient
mice or in several other models of colonic inflammation, the disease could be pre-
vented by administration of anti-CD40L (CD154), indicating that the Th1 response
driving this Th1l-mediated inflammation was based on CD40L-CD40 interactions
(91, 119-121).

In subsequent studies of the role of the various IL-12—induced Th1l cytokines
participating in the pathogenesis of TNBS colitis, it has been shown that the role
of TNF-« is surprisingly important. In particular, TNBS could not be induced
in TNF-o—deficient mice and is far more severe in mice that over-express this
inflammatory cytokine (122). One possible explanation of these findings is that
TNF-« is necessary for both the initiation and persistence of the Thl response,
possibly by acting as a proximal cofactor for IL-12 or IL-18 production.

The dramatic effect of anti—IL-12 antibody administration on TNBS colitis
(and as subsequently shown, on other murine models of colitis) can be linked to
the observation that such administration is associated with increased numbers of
TUNEL-positive cells in lamina propria tissues and in dispersed cell populations
(123). This, plus administration of Fas-Fc to mice undergoing treatment with
anti-IL-12, strongly supports the idea that anti—-IL-12 treatment leads to Fas-
mediated Th1 T cell apoptosis and that TNBS colitis is rapidly responsive to anti—
IL-12 because the latter leads to the death of the Th1 T cells inducing the colitis.

One of the major insights derived from the study of TNBS colitis is that reg-
ulatory mechanisms inherent in the mucosal immune responses can prevent the
development of colitis. This was shown by the fact that whereas intrarectal ad-
ministration of TNBS led to colonic disease, oral administration of TNBS in the
form of TNP-haptenated colonic protein (TNP-CP) prevented colitis induced by
intrarectal TNBS administration (124, 125). In addition, it was shown that the pre-
ventive effect was due to the induction of regulatory cells producing BGF-
because TNP-CP feeding led to the appearance of F@Feducing cells in
the lamina propria, and coadministration of anti-T@FRmntibody to mice fed
TNP-CP abrogated the protective effect. This T&Fnediated protection is due
to the induction of oral tolerance in the face of an induced mucosal inflammation
and indicates that immune responses resulting in inflammation of the mucosa are
as subject to mucosal regulatory effects as the response resulting from the feeding
of protein antigens (24, 67—69). On this basis, it is reasonable to attribute the in-
duction of TNBS colitis in SJL/J mice by intrarectal TNBS administration alone
to the fact that such administration engenders a mucosal Th1 T cell response that
is not balanced by the prompt appearance of a regulatory response. We return to
the possible reason why this is so after we discuss the role of mucosal microflora
in TNBS colitis.
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In other models of mucosal inflammation, most notably that seen in IL-10-
deficient mice, IL-10rather than TGFappears to be the major cytokine-mediating
regulation. In recent, as yet unpublished, studies of the relation betweer8TGF-
and IL-10 production in TNBS colitis involving administration of anti—T @knd
anti—-IL-10 as well as adoptive transfer of regulatory cell populations, it was shown
that TGF-appears to be the major regulatory cytokine but that IL-10 is necessary
for the maintenance and/or the effectiveness of the B@€&sponse (125a). Thus,
in the key experiment of these studies it was shown that whereas mice fed TNP-CP
and then given TNBS per rectum to induce colitis were protected from coli-
tis, administration of anti—IL-10 after feedings prevented protection and reduced
both IL-10 and TGFB responses; however, administration of anti-T&pre-
vented protection and reduced T@Hesponses but not IL-10 response. Thus,
TGF-8 levels were more closely associated with counter-regulation than were
IL-10 levels.

In recent studies taking advantage of the potent capacity of § &¢gulatory
cells to ameliorate TNBS colitis, DNA encoding active T@GRwvas administered
to mice intranasally to induce genetically engineered T cells producing AGF-
in vivo (29). Indeed, following such treatment, T cells and macrophages producing
TGF-8 were subsequently found in lamina propria and spleen, where they acted
to prevent induction of and treat TNBS colitis. Interestingly, the induction of such
regulatory cells was associated with production of high levels of IL-10, which also
contributed to the regulatory effect. These studies open the door to the possibility
that gene therapy with genes encoding regulatory cytokines will become a viable
form of treatment of Th1l mucosal inflammation.

Whereas TNBS (or more specifically the TNP epitope) may be the main anti-
genic stimulus that drives the Th1 responses in TNBS colitis, it is likely that other
antigenic determinants present in the mucosal microflora also contribute to the
immune response driving this disease. This view stems from evidence reviewed
above, which shows that mice with TNBS colitis react to their own microflora and
that such reactivity disappears with anti—IL-12 treatment (87, 88, 90). Reactivity
to mucosal microflora also relates to TNBS colitis in a way that bears on genetic
factors in this model. Recall that TNBS administered per rectum to induce colitis is
administered with ethanol, a substance that disrupts the mucosal barrier and thus,
as an initial event, causes increased exposure of the mucosal immune system to
mucosal microflora. In SJL/J mice that are susceptible to colitis there is evidence
that such exposure leads to a high IL-12 response, and it is reasonable to suppose
that this sets in motion a massive Th1l response to TNBS that precludes a concomi-
tant regulatory TGFB response. In contrast, administration of TNP-CP by mouth
(in the absence of ethanol) does not lead to an initial IL-12 response, and thus a
normal mucosal response replete with a regulatory component ensues. Carrying
this concept one step further, one might postulate that mouse strains susceptible to
TNBS colitis are precisely those that mount high IL-12 when exposed to mucosal
microflora. Evidence that this is the case comes from the study of susceptibility
lociin SJL/J mice mentioned above, showing that two such loci controlling TNBS
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colitis can be identified, and one of these is similar if not identical to that associated
with high IL-12 responsiveness (G. Bouma, W. Strober, submitted for publication).

In summary, TNBS colitis in SJL/J mice is an immunologically mediated coli-
tis that results from the rapid induction of an IL-12—driven, Thl-mediated res-
ponse that precludes development of a counter-regulatory A @sponse. As
such, this is a type 1 model in that the major driving force is the overactivity of
disease-causing effector cells. Emerging evidence suggests that this response is
genetically controlled, most probably by genes that regulate the magnitude of an
initial IL-12 response to substances in the mucosal microflora.

The SCID-Transfer Model of Colitis

A second important model of mucosal inflammation is that produced by repletion
of SCID or Rag2’/~ with either CD45RB' T cells (naive T cells) or with a combi-
nation of CD45RB' T cells and CD45RB T cells (mature T cells) (73, 126, 127).

In the former case repletion leads in 3-5 weeks to severe colitis, whereas in the
latter case no inflammation occurs. Herein lies the power of the model: One can
immediately identify two cell populations, one a source of effector cells and the
other a source of regulatory cells, and one can conduct analyses of each population
to identify the cells necessary for each type of function.

In initial studies of this model it was found that the inflammation was due to
a Thl-mediated T cell response, also driven by IL-12 and mediated byyIFN-
(128, 129). In this instance whereas the colitis was less effectively inhibited by
anti-TNF« treatment than TNBS colitis, cells from STAT4-deficient mice still
gave rise to disease, perhaps because of their continued ability to produce TNF-
(130).

Whereas CD45RB cells populate the small intestine as well as the large in-
testine of SCID recipients undergoing cell transfer, inflammation is limited to the
colon. This immediately suggested that organisms endogenous to the colon pro-
vide the antigenic stimulus for the mucosal inflammation in this model. Evidence
in support of this concept came from studies of the SCID-transfer model that
showed that transfer of cells to mice reared in a “near gnotobiotic” environment
(rather than the specific pathogen-free environment of the mice in the original stud-
ies) manifested greatly reduced levels of inflammation (94). In addition,"CD4
cells from colitic mice proliferated and produced Thl cytokines in response to
antigen presenting cells pulsed with fecal extracts of normal but not germ-free
mice (94).

If indeed mucosal microflora drive effector cells in SCID-transfer colitis, the
number of stimulating antigens in the microflora is circumscribed, because colitic
mice contain populations of cells with restricted T cell receptor (TCR) diversity
and expression of particular CDR3 sequences (131). It should be noted, however,
that the selected TCRs differ from mouse to mouse despite MHC class Il identity,
indicating that the number of potentially stimulating antigens may be considerable.
Finally, the expanded clones were widely dispersed in lymphoid tissue and were
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detected early (prior to development of overt colitis), indicating that stimulation

of these clones was an early event in disease pathogenesis. Overall, these data are
compatible with the view that cell activation in SCID-transfer colitis is an antigen-
driven event occurring as a result of inappropriate responsiveness to antigens in
the mucosal microflora.

As noted above, the SCID-transfer model is particularly useful for the study
of regulatory cells in mucosal inflammation. In an early study of such regulation
it was shown that the protective effect of CD45RB cells was not due to the
secretion of IL-4 because the cells that mediated the protection could be obtained
from IL-4—deficient mice and protection occurred in spite of repeated adminis-
tration of anti—IL-4; however, it was due to secretion of T@MBecause in this
case repeated anti—TGFadministration reversed protection (132). In more recent
studies of the relationship of TGF-and the regulation of SCID-transfer colitis it
was shown that the regulatory cells were CHa5cells because CD45RRcells
depleted of CD25 T cells were unable to prevent colitis (133). In addition, evi-
dence was presented that the protection afforded by €D2%lIs was abolished
by co-administration of anti-CTLA-4 and anti—TGFantibodies, indicating that
this subset required stimulation via CTLA-4 and either produced BGtelf
or induced such secretion in other cells. That the former possibility is correct is
supported by recent studies by Nakamura et al., who showed that'CDgélls
produce TGF8 when stimulated by anti-CD3 antibody under crosslinking condi-
tions and costimulated with anti-CD28 or anti-CTLA-4 (59). Thus, the picture that
emerges is that CDZ5T cells in the CD45RB T cell populations secrete TGF-
in a CTLA-4—dependent fashion to mediate suppression of colitis. Parenthetically,
recent evidence suggests that CD2®lls express surface TGFin the form of
a latent (inactive) protein associated with latency-associated protein. This surface
TGF-8 may be responsible for CD25T cell suppression mediated by cell-cell
contact, i.e., the form of suppression exerted under suboptimal stimulation and in
the absence of overt inflammation.

A final point to be made about the regulation of SCID-transfer colitis by CD25
T cells relates to the fact that, as shown originally by Sakaguchi et al. (134), such
cells develop in the thymus and, as recently shown by Bensinger et al. (135), are
dependent on the presence of MHC class ll—positive cortical epithelial cells for
their intrathymic development. Thus, it is not surprising that CD26lls from
MHC class ll-deficient mice neither act as suppressor cells in in vitro assays nor
suppress colitis when injected together with GD@D45RB" cells into Rag-2—
deficient recipients. This evidence that CD2%lls regulating colitis can originate
in the thymus should not be taken to mean that this is the only site of development
of these regulatory cells. It remains possible (albeit unproven) that such cells also
develop, or at least undergo expansion, in the mucosal tissues.

IL-10, no less than TGIB, has also been implicated in the regulation of SCID
colitis. Initial evidence for this came from a study showing that CD4%RB
cells do not cause caolitis if obtained from IL-10 transgenic mice (136). In further
studies, Groux et al. showed firstthat T cell clones expanded in vitro in the presence



INSIGHTS INTO IBD 517

of IL-10 produce high levels of IL-10 (and IL-5) and, in some cases, FHS

well (55). They then showed that these clones suppress T cell response in vitro and,
more importantly, suppress SCID-transfer colitis when administered in place of
CD45RE° T cells. These studies thus defined a new class of regulatory cells (called
Trl cells) that mediate immune suppression mainly via IL-10. It should be noted,
however, that these cells also produce TEBnd thus the relevant suppressor
cytokine is uncertain. A final series of studies relative to IL-10 and regulation
of SCID-transfer colitis showed that CD45REBr cells obtained from IL-10—
deficient mice do not prevent colitis when administered with CD45RRells;
similarly, treatment of SCID mice administered both CD43Rid CD45RHES

T cells with anti—IL-10 receptor led to the development of colitis (137). These
studies thus show that IL-10 is necessary for protection against colitis even if it is
not sufficient.

Taken together, the above studies show quite definitively that IL-10 andfT GF-
are important regulatory cytokines in SCID-transfer colitis. The question arises
here, even more than in the case of TNBS colitis, as to how these regulatory
cytokines interact to bring about regulation. To date, no studies addressing this
guestion in the context of SCID-transfer colitis have appeared; however, based on
the data derived from the TNBS colitis model we would suggest that FGRhe
major suppressor cytokine and that IL-10 is needed to facilitate BGEeretion
and/or activity.

Yet another cell type contributing to regulation of SCID-transfer colitis is the
NK cell. This is supported by the fact that transfer of CD4%RB cells into
NK cell-depleted recipients results in more severe colitis (60). Such regulatory
effects, as noted above, are also seen in other models of mucosal inflammation
and occur via an unknown mechanism. However, it is know that this form of
regulation is distinct from that mediated by CD45R&lls inasmuch as depletion
of the latter of NK cells does not eliminate their regulatory effect. One possible
but highly speculative explanation is that NK cells lyse activated effector cells or
APCs inducing the effector cells. This concept is supported by the fact that NK
cells from perforin-deficient mice have no regulatory effects (60).

A final point to emerge from studies of the SCID-transfer model relates to the
recent observation that colitic mice have greatly increased numbers of CD134
(OX40") dendritic cells in their mesenteric lymph nodes and that administration
of anti-CD134L antibody leads to reversal of colitis (as it does in other models)
(43, 138). It is likely that these mesenteric lymph node cells originate in the in-
flamed lamina propria and then migrate to the draining lymph node where they
provide inductive signals to effector T cells about to migrate into lesional tissues.
This would imply that much of the antigen presentation necessary for the devel-
opment of mucosal lesions goes on in regional lymph nodes, rather than in the
inflamed tissue itself.

In summary, the SCID-transfer model is a model of mucosal inflammation
that allows one to separate effector and regulatory T cell functions mediating
the inflammatory process. Thus, by analysis of both effector cells in CD45RB
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T cell populations and regulatory cells in CD45RB cell populations, it has been
possible to clearly demonstrate the interplay between various cell types that de-
termine whether mucosal inflammation will occur. In addition, this model demon-
strates that abnormal reactivity to antigen in the mucosal microflora can develop in
the absence of a genetic abnormality and does not require initial disruption of the
epithelial cell barrier. Rather, the only precondition for the occurrence of colitis is
a marked imbalance between effector and regulatory cell populations.

Type 1 Models of Colitis: Defects that Directly or Indirectly
Affect the Synthesis of Key Cytokines in the Th1 Pathway
of T Cell Differentiation

Joining TNBS colitis as type 1 defects leading to mucosal inflammation are sev-
eral models whose pathogenesis can be traced to abnormalities that lead to the
overproduction of key cytokines in the Th1 T cell differentiation pathway, such as
IFN-y, TNF-, and IL-12.

COLITIS ASSOCIATED WITH DEFECTS IN THE PRODUCTION OF TRANSCRIPTION FAC-
TORS CONTROLLING IFN-y PRODUCTION Given the central role of IFN- in the

Thl responses, it should come as no surprise that molecular defects resulting in
IFN-y overproduction can lead to colitis. Two such defects are now known to exist,
one affecting T-bet and one affecting STAT4.

As shown by Szabo et al., T-bet is a T-box protein that when over-expressed in
T cells programs them for high IFM+esponses and low IL-4 responses, even when
the cell is a supposedly “committed” Th2 cell (139). This, plus recent data showing
that over-expression of T-bet can lead to IlPNesponses in cells lacking STAT4,
has led to the concept that this factor is the molecular switch for Th1 differentiation
(140). STAT4, on the other hand, has also been shown to be a necessary factor for
Th1 differentiation that probably acts as both a transcription factor forjFad
as a factor that maintains Th1 T cell survival (141, 142).

In the relevant studies of colitis associated with a STAT4 abnormality, it has
been shown that mice bearing a STAT4 transgene (under a CMV promotor) de-
velop colitis when administered TNP-KLH in Freund’s adjuvant, an antigenic
stimulus that has no colitogenic effect in normal mice (72). In addition, spleen
cells from these mice proliferate when exposed to antigens in their autologous
microflora in vitro, and T cells thus stimulated induce colitis in SCID recipients.
Corresponding studies of T-bet abnormalities have shown that naive T cells from
T-bet—deficient mice exhibit a reduced capacity to transfer colitis to SCID mice,
whereas, conversely, naive T cells over-expressing T-bet (owing to infection with a
T-bet-expressing retrovirus) induce accelerated colitis in SCID mice (M. Neurath,
R. Blumberg, L. Glimcher, manuscript submitted). In addition, memory T cells
from T-bet—deficient mice exhibit an enhanced capacity to protect SCID mice from
colitis when cocultured with naive T cells.
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MUCOSAL INFLAMMATION IN MICE THAT OVER-EXPRESS TNF-o: TNFAARE MICE ~ AlSO

in the category of models of inflammation owing to abnormalities of Th1 cytokine
production is the model owing to over-expression of T&{fhe TNFAARE mouse
(36). This model results from a targeted deletion of AU-rich elements located in
the 3 untranslated region of the TNé-gene, which gives rise to dysregulation
of the processing of TNle- MRNA and the overproduction of TN&-protein.

The phenotype of these mice is notable because the mucosal inflammation is
mainly located in the terminal ileum and only occasionally in the proximal colon;
in addition, it is remarkably similar to that in Crohn’s disease: It is a transmu-
ral infiltrative lesion that contains typical granulomata. Of considerable interest,
TNFAARE mice develop arthritis resembling rheumatoid arthritis, as well as
mucosal inflammation.

Studies of the immunopathogenesis of disease in“FRFmice indicate that
whereas the mucosal inflammation is dependent on the presence of T cells, the
joint inflammation is not (36). This, plus the fact that the different TNF receptors
are involved in the two kinds of inflammations, indicates that the pathogenesis of
inflammation in the two areas is different. As far as the disease in the mucosa is
concerned, it is likely that the inflammation is initiated and maintained by sub-
stances in the mucosal microflora that can induce BN\#eduction (LPS, CpGs,
etc.). However, it is important to mention that colitis does not occur in “TGF
mice that are also IL-12 p40—deficient (F. Cominelli, personal communication);
thus, the inductive process does not appear to involve the direct stimulation of
cells by microfloral stimuli, but rather their indirect stimulation via IL-12. It is
important to mention here that IL-12 production may be enhanced i*TR
mice because once TNF-overexpression is initiated, a positive feedback loop
between IL-12 and TN is established.

COLITIS IN Gi2A MICE Mice deficient in the G protein Gi2provide yet another
type 1 model in which overproduction of a Thl cytokine results in colitis. The
inflammation in this model is a Th1-mediated colitis with an infiltrative histologic
picture similar to other Thl colitides (143). The basis of this colitis has been
elucidated by studies showing that a stimulus that inhibits Gi protein signaling,
such as pertussis toxin, enhances splenocyte production of IL-12THiRd IL-

10in vitro upon culture wittstaphylococcus aure@owan | and CD40L (144). In
addition, pertussis toxin—treated BALB/c mice exhibit a healing phenotype when
infected withLeishmania majgrwhereas untreated mice of this strain manifest
progressive infection. That these findings are relevant te:Gice was shown

by the fact that these mice produce increased amounts of IL-12 andxTidien

their CD8at (lymphoid) dendritic cells are appropriately stimulated. Thus, it is
reasonable to conclude that the colitis in &i@eficient mice is a type 1 colitis
owing to the overproduction of IL-12. One can reasonably assume that antigens
in the mucosal microflora are the driving force of such overproduction, but this
needs to be verified experimentally.
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Type 2 Models of Colitis: Defects in the Production
of Proteins that are Directly or Indirectly Involved
in Regulation of Mucosal Responses

The mirror image of the previous category of models of mucosal inflammation are
those in which there is an abnormality in the synthesis of a regulatory cytokine
or a protein that affects the function of a regulatory cytokine. These are thus type
2 models and include colitis owing to IL-10 deficiency or abnormalities of IL-10
signaling and to defects in TGFfunction.

COLITIS OWING TO IL-10 DEFICIENCY OR IL-10 SIGNALING DEFECTS ~ As initially re-
ported by Kuhn etal., IL-10—deficient mice raised in a specific pathogen-free (SPF)
or a conventional environment develop colitis marked by epithelial cell hyperpla-
sia and a transmural inflammation (145). Early on, the disease is due to a Thl
response and is completely ameliorated by anti—IL-12 treatment. Later, however,
a Th2 response supervenes and the lesion is no longer treatable with anti—IL-12
(35; A.D. Levine, personal communication). The reason for this change is unclear,
but it may relate to the fact that in the absence of IL-10 down-regulation, Th2 re-
sponses ultimately prevail. Further studies of the cytokines involved in the colitis
of IL-10 deficiency have come from studies in which colitis was induced in SPF
mice by infection withH. hepaticus|t was shown that whereas IL-12 had to be
present for colitis to develop (99), IFN-or TNF« did not, as treatment with
anti—IFN- or anti-TNFe had no effect on the colitis; it is thus apparent that each
of these cytokines can mediate colitis in the absence of the other (146). Additional
studies showed that treatment with both anti—Ifzldnd anti—-TNFe was also not
effective in the treatment of colitis, suggesting that in IL-10 deficiency yet other
cytokines induced by IL-12 may play effector roles in the absence of bothyIFN-
and TNFe.

As in other models, the colitis of IL-10—deficient mice does not develop under
germ-free conditions and is thus driven by antigens in the mucosal microflora
(93,99, 100). Recent studies of colitis in SPF mice infected Witthepaticus
underscore this fact. Thus, the study mentioned above showed that such infection
led to greatly enhanced colitis, but another study showed that such infection led
to no more colitis than that ordinarily seen under SPF conditions (99, 100, 146).
This suggests that mucosal microflora (such as that present in some mouse holding
areas) can influence the development of inflammation even when it is driven by a
known pathogen. A final point concerning the role of the mucosal microflora in
the colitis of IL-10—deficient mice is that these mice manifest increased intestinal
permeability even prior to the development of overt colitis. This change in barrier
function may lead to increased contact with or stimulation by antigens in the
mucosal microflora and is thus a factor that facilitates the development of the
inflammation (66).

The basis of the immunoregulatory defect leading to colitis in IL-10—deficient
mice undoubtedly lies in the fact that IL-10 has major suppressive effects on
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immune responses, and its absence in an area of the body constantly exposed
to antigens leads to inflammation in that area. The negative effects of IL-10 on
immune responses is well demonstrated in numerous in vitro studies showing that
IL-10 inhibits IL-12 and TNFe production, suppresses costimulatory molecules,
and directly inhibits T cell proliferation and/or induces T cell apoptosis (147-150).
In addition, in vivo studies of IL-10 transgenic mice and the SCID-transfer model
discussed above have shown that mature CD45RBells from IL-10 deficient

mice are incapable of preventing the development of colitis (137). This finding is
underscored by the aforementioned studies in which Tr1l cells that produce IL-10
can substitute for CD45RBT cells in the prevention of SCID-transfer colitis
(55). Taken together, these data provide ample reason to postulate that the colitis
of IL-10 deficiency is a prototypic type 2 model of colitis owing to absence of

a major regulatory cytokine. The only question that remains with respect to this
conclusion is the one discussed previously in relation to TNBS-colitis concerning
the relation of TGF8 and IL-10 in the regulation of mucosal inflammation. It
was mentioned in that context that the evidence now available favors the view
that TGF$ is the more proximal cytokine suppressor and that the main role of
IL-10 is to maintain and facilitate the TGE-suppressor effect. This leads to the
supposition that in the colitis of IL-10 deficiency it is not the lack of IL-10 per se
that leads to inflammation, but rather the lack of an adequate A &Sponse that
occurs in the absence of IL-10.

Finally, it is important to note that not only IL-10 deficiency can lead to coli-
tis, but so can defects in IL-10 signaling that functionally are equivalent to IL-10
deficiency. This is seen in mice deficient in an “orphan” receptor termed CRF-2,
which forms part of the IL-10 receptor, and in mice whose macrophages and neu-
trophils are deficient in STAT3 expression that exhibit a defect in IL-10 signaling
(151, 152).

COLITIS ASSOCIATED WITH TGF-g DEFECTS In light of the discussion above it is
to be expected that deficiency in the production of T&Ehould also lead to
type 2 models of mucosal inflammation. This was presaged by studies of mice
with TGF-81 deficiency owing to targeting of the TGFL gene, in which it was
shown that such mice exhibit widespread inflammation in multiple organs and early
death (153, 154). It should be noted, however, that this inflammation is not more
prominent in mucosal tissues than in other tissues, possibly because the mice
die of widespread autoimmune disease before they have the chance to develop
inflammation to “exogenous” mucosal antigens.

A more particular relation of defects in TGFfunction to mucosal inflamma-
tion occurs in mice with defective TGEsignaling, either only in T cells or only
in epithelial cells owing to the presence of transgenes encoding dominant-negative
TGF-8 receptors (TGFBRII) under T cell-specific or epithelial cell-specific pro-
motors, respectively (75, 155). In the former case inflammation develops in the
colon and lung and the mice develop autoantibodies and glomerular immune com-
plex deposition. Interestingly, both Th1 and Th2 cytokine production is increased,
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probably because TGB+egulates both Th1l and Th2 responses. In the latter case
of the epithelial-specific expression of the dominant-negative transgene, the mice
develop colitis under conventional conditions and manifest increased susceptibility
to the development of dextran sulfate colitis. The development of colitis in these
mice suggests that TGF-also regulates epithelial cell function and in its absence
the mucosal is more subject to stimulation by antigens in the mucosal flora.

Colitis in which the Presence of Type 2 Defects Are
Traceable to Thymic Dysfunction

Whereas mice with IL-2 deficiency (or IL-2R deficiency) obviously have a very
different immunologic defect than bone marrow—reconstituted?d gnice, the
pathogenesis of the colitis associated with these defects is sufficiently similar
to warrant their discussion under the same heading. Thus, in both models the
inflammation is an IL-12—driven, Thl-mediated inflammation that depends on
CD40L-CD40 interactions and is abrogated by the absence of IL-12 (89, 120, 121,
156). In addition, in both models there is evidence that the underlying abnormality
is the defective generation of regulatory cells and that an intrathymic defect is
probably responsible for this abnormality (157-159).

COLITIS IN IL-2-DEFICIENT MICE Mice with IL-2 deficiency exhibit early devel-
opment of lymphadenopathy, bone marrow infiltration, and hemolytic anemia in-
dicative of a generalized autoimmune state, which are then followed in surviving
mice by the development of a transmural colitis (86). The lasterT cell-driven
event that, as mentioned above, is due to a Thl response (89). T cells in these
mice bear markers of maturity and proliferation that may relate to the presence of
an apoptosis defect, presumably occurring because in absence of IL-12 there is
deficient activation-induced (Fas-mediated) apoptosis (86, 160). In the absence of
IL-2, IL-15 may play a major role in this hyperproliferative state, but this is not
supported by the relevant available in vitro studies (161). As in other models, it is
clear that antigens in the mucosal microflora drive the T cells because disease does
not develop under germ-free conditions (81, 86). In addition, there is some evi-
dence thatin the absence of IL-2, epithelial cells exertincreased antigen-presenting
function, which plays a role in T cell activation and cytokine secretion (162).

The pathogenesis of colitis in IL-2—deficient mice has been successfully studied
by inducing the rapid onset of colitis by intra-peritoneal injection of TNP-KLH
in Freund’s adjuvant (89). This maneuver apparently stimulates T cells that cross-
react with antigens in the mucosal microflora and mediate disease. Studies in this
induced model of mucosal inflammation disclosed that whereas normal mice react
to TNP-KLH stimulation with an IL-4/ TGF8 response, this response is absent
in IL-2 deficient mice (89). Furthermore, they showed that concomitant adminis-
tration of anti-CD3 does elicit an IL-4/TGB~response and prevents development
of disease. That such prevention is due to the T&afésponse and not the IL-4
response was shown by the fact that the protection obtained with anti-CD3 treat-
ment was abrogated by simultaneous treatment with anti-BGft not with
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anti—IL-4. Thus, these studies led to the conclusion that the underlying cause of
colitis in IL-2 deficiency is a type 2 defect and an inadequate regulatory response
(157).

Further studies ofimmune function of IL-2—deficient mice as it relates to colitis
focused on thymic function because it was known that thymic defects contribute to
the autoimmunity seen in these mice (159). Again using the TNP-KLH to induce
colitisin IL-2 deficient mice, it was shown that this stimulus leads to the appearance
of increased numbers of single positive thymocytes in the thymus that displayed a
Th1 cytokine secretion profile and transferred colitis to normal mice (159). These
studies thus suggest that thymocyte development is defective in IL-2 deficiency and
this defect leads to either increased numbers of effector cells capable of mediating
either autoimmunity or colitis or to decreased numbers of regulatory cells capable
of preventing these phenomena. Given the above role of regulatory cell dysfunction
in IL-2—deficient mice, the latter rather than the former is likely to be the more
important factor.

Finally, it is important to mention that mice with IL-2R deficiency owing to ei-
thera or 8 chain gene targeting also develop autoimmunity and colitis (163—165).
However, those with IL-2R deficiency owing to chain targeting do not, pre-
sumably because such mice cannot mount adequate T cell responses to support
autoimmunity. IL-2R8 chain—deficient mice differ somewhat from IL-2—deficient
mice in that they display hypergranulopoiesis that crowds out normal marrow el-
ements and leads to massive lymphoid infiltration with granulocytes (164, 165).
In addition, they manifest poor responses to antigen, presumably because their
cells respond poorly to both IL-2 and IL-15. This raises the question as to which
cytokine is driving their autoimmune responses and leads to the possibility that in
IL-2—deficient mice neither IL-2 nor IL-15is necessary to support T cell responses.

COLITIS IN BONE MARROW-RECONSTITUTED Tg:26 MICE Tg,26 mice are mice
bearing a transgenic CD3-epsilon chain whose over-expression results in intrathy-
mic T cell and NK cell death probably because of excessive signal transduction
during thymic development (158, 166). In addition, they manifest a secondary de-
fect in thymic stromal architecture because the development of the latter depends
on the presence of normal thymocytes (167). Fetal mice bearing the transgene can
be rescued by transplantation of T cell-depleted normal bone marrow because
such transplantation preserves stromal architecture; in contrast, adult mice cannot
be thus rescued because by this time the defect in architecture cannot be reversed
(158, 167). Thus, whereas bone marrow reconstitution of adult mice leads to repair
of lymphoid depletion, the reconstituted mice contain a cell population that has
developed in a defective thymic micro-environment.

Mice with the Tg26 defect who are reconstituted with normal bone marrow
(reconstituted Tg26 mice) develop an infiltrative colitis similar to that seen in
IL-2 deficiency, which is due to an IL-12 driven Thl-mediated response driven
by antigens in the mucosal microflora (158, 168). The IL-12 dependency of the
inflammation is nicely shown by the fact that reconstitution of the mice with bone
marrow from STAT4-deficient mice exhibit a greatly reduced level of disease, as do
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mice treated with anti—IL-12 (156). It should be noted, however, that reconstitution
of mice with bone marrow from IFN—deficient mice only slightly ameliorates

the development of colitis, presumably because in this situation, as in the case of
TNBS colitis and IL-10 deficiency colitis, TNE-can induce inflammation in the
absence of IFN~* (156).

In studies of the underlying factors leading to colitis inZgmice, cell transfer
studies were performed using mice with and without transplantation of syngeneic
normal fetal thymus (158). These studies showed first that transfer of nonmucosal
cells from Tg26 mice with colitis into untransplanted J26 recipients resulted
in colitis similar to that in the donor mice. It was then shown thatZbgmice
reconstituted with normal bone marrow and transplanted with syngeneic fetal thy-
mus (from Tg26 mice) did not develop colitis, whereas those only reconstituted
with bone marrow developed colitis. Because the transplanted fetal thymus main-
tained a normal architecture in mice reconstituted with normal marrow, the mice
with the transplants could generate a cadre of normal cells that then intermixed
with the abnormal cells arising from the abnormal thymus. Thus, these studies sug-
gest that the abnormal cell population causes colitis because it lacks a regulatory
cell population and that the colitis is a type 2 colitis.

The above discussion makes it apparent that in IL-2 deficient mice and in
bone marrow—reconstituted J26 mice abnormal T cell development in the bone
marrow is a major factor in the development of colitis. One theoretical difference,
however, is that in the induced IL-2 deficiency model studied, the inducing antigen
(TNP-KLH) is exogenous, whereas in reconstitutedZBgno exogenous antigens
are introduced. This difference may be more apparent than real, however, because
it is possible that mucosally derived antigens normally enter the thymus and affect
thymic selection. Another difference is that in IL-2 deficiency the development of
colitis may occur solely because of local mucosal dysregulation, whereas in recon-
stituted Tg26 mice the thymus appears to be more intrinsic to the disease state.

Miscellaneous Models of Colitis: Th1 Responses Whose
Underlying Immunopathogenesis is Not Understood

Several models of mucosal inflammation have been described in which the basis of
the mucosal inflammation has not yet been elucidated. In some cases these models
may prove to be quite important because they may be due to one or more defects
also present in humans with IBD. Two of these models are described in some detail
below and the rest are summarized in Table 4.

COLITIS IN C3H/HeJBir MICE A substrain of LPS-unresponsive mice [lacking toll-
like receptor 4 (TLR-4)] C3H/HeJ mice, termed C3H/HeJBir mice, have been
noted to spontaneously develop a colitis centered in the cecum and proximal colon
(169). The colitis consists of an transmural inflammation that begins at 3—6 weeks
and gradually wanes. It is an IL-12—driven, Th1l-mediated inflammation that can
be transferred to SCID recipients by CBA cells from the affected mice.
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TABLE 4 Miscellaneous Thl and Th2 models of mucosal inflammation

Salient/unique

immunopathologic Proposed
Model features Type mechanism Reference
TCR transgenic Similar to SCID-transfer Thi, ? Type 2 Failure of intrathymic 204
mice with colitis; presence of Tg development of
lymphopenia T cells that cross-react regulatory cells
with mucosal antigens
in most cases.
IL-7 transgenic Infiltrative lesion with Thl, type 1 Defective epithelial 102

mice

Over-expression
of HLA-B27

NF-«B defects;
“A20” mouse;
Ik Ba-deficiency

p50 deficiency

Th2 TNBS-colitis

Colitis in Wiskott-
Aldrich syndrome
protein (WASP)
deficiency

crypt abscesses and loss
of goblet cells; IL-7
over-expression only in
involved areas.

Inflammation of stomach
as well as small and
large intestine;

joint inflammation

Inflammation in multiple
organs including intestine

Typhlo-colitis; apparently
normal T cell development

TNBS-colitis in Balb/c
mice or C57BL/6 mice
with IL-12 deficiency

Mild immunodeficiency;
superficial inflammation
reminiscent of UC rather
than CD

Epithelial barrier
defect?

Th2, type 1;

Type 1

Type 2?

Th2 colitis;
Th1 component?;
type 1

Th2 colitis; Type 2?

barrier function;
activation of mucosal
macrophages

Facilitated presentation
of mucosal antigens
to mucosal T cells;
CD8&- T cell-mediated
inflammation?

Hypersensitivity to
NFB activators;
inability to regulate

NF-«B response

Defect in AE-pathway

TNBS-induced, Th2
response to mucosal
antigens in mice oriented
to Th2 responses

Abnormality of regulatory

cell development?

205, 206

207,208

209

210,211

212

Abbreviations: TCR, T cell receptor; TNBS, trinitrobenzene sulfonic acid; UC, ulcerative colitis; CD, Crohn’s disease.

The focus of research utilizing this model has been to define the relation of
bacterial flora to the induction of disease. A series of studies with this in mind
showed that cells from 4£i/HeJBir mice manifest increased B cell and T cell re-
activity to mucosal antigens (92, 170). However, this reactivity was selective and
was more or less limited to antigens associated with several species of faculta-
tive anaerobes. This corresponded to the fact that T cells in colitit/H&z|Bir
mice displayed a skewedp/istribution (as do T cells in other models including
the SCID-transfer model and the TGRehain—deficiency model) (92). It should
be noted, however, that although the number of antigens implicated in the response
is a small fraction of the total number of antigens, it is nevertheless a large num-
ber; thus, it is highly unlikely that the colitis is due to only a very limited number
of antigens. A similar situation probably obtains in humans, in which a skewed
expression of 8 has also been seen.
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Recent cell transfer studies of thelZHeJBir model have disclosed that T cell
lines driven by antigens in bacterial lysates also transfer colitis to SCID mice (91).
This finding is a direct demonstration that antigens in the mucosal microflora can
mediate colitis and corroborates data from studies of numerous other models that
show this more indirectly. Whereas some of the lines were composed of effector
cells secreting IFN~, others were slow-growing lines producing IL-10 and were
presumed to be regulatory cells. Indeed, these cells inhibited Thl responses both
in vivo and in vitro. Thus, a reiteration of studies performed in the SCID-transfer
model showed that these cell lines, when cotransferred with effector cells, could
prevent the development of colitis in SCID recipients (93). Interestingly, this pre-
ventative effect was reversed by either IL-10 or T@Fagain raising questions
about the relationship of these regulatory cytokines. In any case, the presence of
regulatory cells in the colitis of §4/HeJBir mice suggests that the underlying de-
fectin these mice is a partial block in the regulatory cells’ development and that the
inflammation gradually subsides when these cells finally make their appearance.

One issue raised by the occurrence of colitis in a substrain of mice that does not
respond to LPS is the role of this stimulant in the regulation of mucosal immune
responses. It appears paradoxical that a defect in the capacity to respond to a strong
stimulator of the IL-12 response would be associated with colitis. This paradox,
however, is resolved by the fact that numerous other substances associated with the
mucosal microflora have this capacity as well. Perhaps a more cogent and specific
role for LPS in colitis relates to the possibility that this stimulant is necessary for
the normal induction of regulatory cells.

COLITIS IN SAMP1/Yit MICE  SAMP1/Yit mice were originally derived from AKR

mice by extensive interbreeding, first to achieve accelerated senescence and then to
enhance the development of intestinal inflammation (37). This model is important
because the inflammation is remarkably similar to human Crohn’s disease in that
it is mainly an ileitis rather than a colitis, and at the microscopic level ones sees
typical granulomata and other features of Crohn’s inflammation. Once again the
disease is driven by antigens in the mucosal microflora and is a Th1 event because
it can be transferred to SCID recipients by T cells producing }FBRd TNFe

(37, 38). Interestingly, the transferred cells produce a disease similar to that in the
donor mice, suggesting that they have a homing pattern governed by their site of
origin or are expanded by antigens specifically presentin the ileum. The underlying
defect in SAMP1/Yit mice is not yet known. However, recent studies showing that
epithelial cells in these mice produce increased amounts of chemokines suggest
the presence of a type 1 defect (171).

MODELS OF COLITIS DUE TO EXCESSIVE Th2
T CELL RESPONSES

Experimental colitis mediated by Th2 T cells forms a separate universe of colitides
that, as discussed above, are associated with a form of inflammation that differs
from that seen in the more predominant Thl colitides in that it more closely
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resembles ulcerative colitis than Crohn’s disease (23). This has given rise to the
idea that ulcerative colitis isin facta Th2 T cell-mediated disease, but the evidence
for this notion is ambiguous at best. Thus, whereas IL-12/jFptoduction is not
increased in ulcerative colitis, neither is IL-4 production, and the inflammation in
lesional tissue is not usually characterized by Th2 inflammatory elements such as
eosinophils and mast cells. In fact, the only Th2 cytokine reported as increased in
ulcerative colitis is IL-5 (39—-42), but this increase could be due to the presence
of certain types of regulatory cells that produce IL-5 rather than to Th2 effector
cells (i.e., Tr1 T cells). At the moment, therefore, it is premature to call ulcerative
colitis a Th2 disease, despite its histopathologic relation to Th2 T cell-mediated
experimental colitides.

In the following discussion we review the most extensively studied Th2 models;
pertinent data about several additional Th2 models is provided in Table 4.

Colitis in TCR-o¢ Chain—Deficient Mice

The first and perhaps best studied model of murine inflammation owing to a Th2-
mediated response was initially reported by Mombaerts et al., who noted that
chronic colitis develops in gene targeted mice lacking T&C&hains (51). These
authors also found that TCR€hain—deficient mice develop only very mild colitis,
but recently it was shown that this colitis is more marked if CD5 deficiency is also
present (172). Finally, they showed that mice wjth chain deficiency do not
develop colitis.

The colitis developing in TCR-chain—deficient mice is relatively superficial
and extends to the submucosa only occasionally. It is characterized by the presence
of elongated and distorted crypts as well as by the presence of occasional crypt
abscesses, but transmural fissures and granulomata are notably absent. Overall the
lesion is different from that seen in Th1l models of colitis and resembles ulcerative
colitis rather than Crohn’s disease. This fits with the fact that affected mice fre-
guently develop circulating anti-neutrophil cytoplasmic antibodies (ANCA) and
other antibodies found in ulcerative colitis patients (107, 173).

Initial studies of the cell populations in TC&chain—deficient mice revealed
that the main cells weres TCR-bearing T cells, but these were admixed with a
small population of alpha-beta(dim) TCR-bearing T cellsd8 TCR T cells),
which later proved to be the effector cells responsible for the inflammation (49, 51).
In subsequent studies involving treatment of TE€Rhain—deficient mice with
anticytokine antibodies and cross-breeding of the mice with various cytokine-
deficient mice, it was established that IL-4 and not If*Mras the effector cytokine,
i.e., the colitis was a Th2 colitis (174-176).

Thepsp TCRT cells established as effector T cells in T@Rhain colitis recog-
nize antigens via a unique TCR compose@gfhomodimers, and it was therefore
not too surprising that they display greatly restricted TCR diversity following the
development of colitis (34). Thus, whereas T cells obtained from mice prior to
the development of colitis or from mice on a non—disease-producing elemental
diet display a wide range of #/family usage, those with colitis or on a regular diet
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display skewed ¥ usage marked by 5, predominance (34). In addition, it was
found in single-strand conformation polymorphism (SSCP) analysis and CDR3
sequencing studies that T cells from colitic mice display mono- or oligoclonality
in all T cell subsets, not just theB4, T cell subset. Finally, it was shown that

T cell subsets expressingdy » exhibiting restricted diversity are characterized by

a restricted CDR3 length and conservation of a single negatively charged amino
acid in the second portion of the CDR3 sequence (33). This type of amino acid se-
guence is characteristic of clones specific for self-antigens and thus may represent
a “germ-line” sequence that is cross-reactive with a variety of normally nonstim-
ulatory environmental (mucosal) antigens, i.e., antigens that do not elicit effector
cell responses in the mucosal immune system. This possibility is supported by
the fact that cells with the stereotypic TCRs can be expanded by coculture with
colonic epithelial cells, which presumably are presenting antigens derived from
resident (nonpathogenic) microflora (33). It is also supported by the facts that
BB TCR T cells display vigorous responses to food antigens and that mice with
TCR-u chain deficiency exhibit a heightened capacity to provide helper function
for B cells that produce antibodies reacting to food antigens (34, 175). Finally, it
is supported by the fact that TCirehain—deficient mice fed an elemental diet do
not develop disease unless they are mono-infected with certain organisms (such as
B. vulgatu3 that are presumably among the organisms expressing cross-reacting
antigens (97).

The above data, considered as a whole, lead to the conclusion that whereas
BB TCR T cells may have a restricted ability to respond to antigens in general,
they do respond to certain normally harmless antigens that then drives the cells to
expand and exert effector cell activity causing disease. This raises the question of
why these T cells have this propensity, but other T cells normally populating the
mucosal tissues do not. One possibility already suggested by the TCR sequence
data is that these cells have escaped negative selection in the thymus (or other
selection areas exisiting in the mucosa) and thus represent a cadre of self-reactive
cells that cross-react with mucosal antigens. This possibility finds strong support
in independent studies showing thi# TCR T cells have a tendency to escape
negative selection in the thymus (177, 178). A second possibility relates to the fact
that, as discussed above, mucosal responses are normally regulated by tolerogenic
mechanisms, including the developmentagf TCR T cells that produce sup-
pressive cytokines. Thus, it is reasonable to suggest that the abnormal reactivity of
BB TCRT cellsto certain mucosal antigens is due to the fact that regulatory T cells
cannot develop within theg TCR T cell population (nor in the accompanying
TCR T cell population).

A second, interrelated question concerns the reasorgghyCR T cell stimu-
lation leads to Th2 responses and not Thl responses. One possibility alluded to in
the general discussion of models is that the course of T cell differentiation depends
largely on the nature of the antigen-presenting cell and the cytokine environment
of the APC-T cell interaction. In this context it is already known that certain den-
dritic cells present in the Peyer’s patches (CD4Mendritic cells) preferentially
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secrete IL-10 rather than IL-12 and induce Th2 T cells rather than Thl T cells
during antigen presentation (70, 71). Thus, it is possible that the types of antigens
that stimulate8g TCR T cells are generally the types of antigens that are taken
up by dendritic cells in Peyer’s patches that lead to Th2 T cell differentiation.
Another, non—mutually exclusive, possibility is thi TCR T cells manifesting

a Th2 phenotype have better survivability than their Th1l counterparts, again be-
cause of the cytokine milieu in which they develop. This possibility derives from
the observation that stimulation of T cells from T@Rzhain—deficient mice with
epithelial cells both under Th1 and Th2 conditions leads to poorer survival in the
former instance than in the latter (33). Moreover, the surviving Th2 T cells display
evidence of oligoclonality and can transfer disease, whereas the Thl T cells do
not. These data suggest not only that antigens stimul@hgdCR T cells only

do so under a Th2 condition but also that such stimulation under a Th1 condi-
tion leads to a different pattern of clonal stimulation and T cells that are subject
to apoptosis.

A final point to emerge from the study of TCir-chain—deficient mice re-
lates to the role of B cells in the pathogenesis of this model of inflammation and,
by extension, in ulcerative colitis. In particular, it was found that double mutant
TCR-« chain—deficientlg-deficient mice somewhat paradoxically develop more
severe colitis than single mutant TGRehain—deficient mice (63). Furthermore,
transfer of mesenteric lymph nodes (MLN) cells from the double mutant to Rag-2—
deficient mice produced colitis in the latter, which was abolished by the cotransfer
of B cells and the coadministration of purified Ig or monoclonal antibodies re-
active with colonic epithelial cells from the TC&-chain—deficient mice. This
decreased disease with B cells or B cell products (autoantibodies) was associated
with decreased numbers of apoptotic cells in the epithelium and lamina propria
and was attributed to decreased clearance of these cells mediated by the autoanti-
bodies (63). Another explanation, however, is that the B cells produce regulatory
cytokines that suppress disease (and also affect apoptosis). Indeed, preliminary
studies suggest that B cells express high levels of CD1d and secrete IL-10 (A.
Mizoguchi, R.J. Blumberg & A. Bhan, personal communication). In any case,
these studies show that B cells or the autoantibodies they produce do not play a
pathogenic role in TCRe chain—deficient mice and may actually ameliorate dis-
ease. In addition, this suggests that autoantibodies in ulcerative colitis are likewise
nonpathogenic.

Oxazalone Colitis

Whereas administration of TNBS to SJL/J mice leads to colitis driven by polarized
Th1T cellresponses, administration of another haptenating agent, oxazalone, leads
to a colitis caused by a polarized Th2 T cell response. Oxazalone colitis, however,
is a considerably different disease than its TNBS counterpart (31). First, when ad-
ministered intrarectally without prior sensitization, it develops more quickly and
resolves more quickly than TNBS colitis, usually within 4-5 days; in addition, it
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produces a more superficial inflammation that affects the distal half of the colon
rather than the whole colon. Finally, rather than producing an intense infiltrative in-
flammation that obliterates villous architecture, it produces inflammation that gen-
erally maintains villous architecture but is associated with bowel wall edema and
luminal exudates. Overall, the lesion is more reminiscent of ulcerative colitis than
Crohn’s disease, but the examination of a more chronic oxazalone colitis would
be necessary to verify this view. If mice are presensitized with subcutaneous ox-
azalone, a more chronic lesion ensues that lasts on the order of 1-2 weeks; this
lesion retains the characteristics described above for the more acute lesion and
lends credence to the idea that oxazalone colitis is indeed an ulcerative-colitis-like
inflammation (F. Scheiffele, I. Fuss, W. Strober, unpublished observations).

The cytokine response of oxazalone colitis is also very different from that in
TNBS colitis (31). Itis dominated by a high IL-4 and IL-5 response, but a normal or
reduced IFNy response. This Th2 response isin fact the cause of the inflammation,
as shown by the fact that anti—IL-4 administration abolishes disease, whereas an
anti—-IL-12 administration exacerbates the disease and causes a pancolitis. Another
notable feature of the cytokine response in oxazalone colitis is a marked8STGF-
response that is higher in the proximal colon than in the distal colon. In fact, the
high TGF8 response may be responsible for the short duration of disease as well
as its limitation to the distal colon. This is suggested by the fact that, as mentioned
above, TGFB production is higher in the proximal colon, as well as the fact that
anti-TGF# treatment leads to severe pancolitis.

The reason lamina propria cells in SJL/J mice respond to oxazalone with a Th2
response rather than a Thl response is unclear. One cannot invoke the idea that the
presence of T cells with abnormal TCRs that only respond to antigens that induce
Th2 differentiation because there is nothing to show that the T cell profiles of the
responding mice are abnormal. A more likely possibility arises from emerging
evidence that during the induction of oxazalone colitis, oxazalone is presented
to T cells by APCs in the context of an atypical MHC class | molecule, CD1d,
and that the interacting T cell is an NK T cell that is the effector cell causing the
colitis (F. Scheiffele, I. Fuss, W. Strober, unpublished observations). Thus, one
might postulate that this somewhat unique interaction preferentially results in Th2
T cell differentiation. Some evidence in support of this possibility is inherent in
older studies showing that NK T cells have a propensity to produce IL-4, as well
as newer studies showing that mice with a targeted deletion of the chemokine
receptor, CCR5, when challenged with dextran sulfate sodium (DSS) to produce
DSS colitis develop lesions containing T cells producing IL-4 (179). Whereas the
reason mice with this deletion manifest this kind of response is not really known,
one might postulate that the absence of CCRS5 leads to decreased Thl responses
and thus the preferential expansion of NK T cells that inherently produces Th2
cytokines. It should be noted that in CCR5-deficient mice, DSS colitis is less severe
than in normal mice, indicating that the NK T cells developing in this situation
appear to be regulatory cells. This is in contrast to the situation in oxazalone colitis
where, as mentioned, the NK T cells are effector cells. Whether NK T cells act as
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regulatory cells in the context of DSS colitis because they produce IL-4 or because
of other factors remains to be determined.

Aside from the nature and origin of the effector cell causing disease in ox-
azalone colitis is the question of the downstream inflammatory cytokines causing
disease. One possibility that requires further study is that oxazalone colitis leads
to production of IL-4, which in turn leads to the secretion of other cytokines, such
as IL-9 and IL-13.

MODELS OF COLITIS RELATED TO DEFECTS
IN EPITHELIAL CELL BARRIER FUNCTION

A number of diverse models of colitis have been discovered that are due to defects
in epithelial cell barrier function. It should be emphasized, however, that such
defects in the present context are broadly defined to include both barrier func-
tion relating to permeability to macromolecules and barrier function involving
processes that enable the intestinal epithelial cell to secrete immune mediators.
The latter type of defect could take the form of inadequate secretion of media-
tors that thereby increases the exposure of the mucosal system to antigens in the
mucosal microflora or to excessive secretion of mediators and the initiation of in-
flammation by the stimulation of “professional” cellular secretors of inflammatory
cytokines (macrophages). In addition to the models described below, two models
already discussed (colitis associated with IL-2 deficiency and with IL-10 defi-
ciency) have been shown to have abnormal epithelial cell barrier function. In these
cases itis likely that the latter is secondary to a more primary abnormality as it is
known that both Th1 and Th2 cytokines can influence barrier function in various
ways.

Colitis Associated with Dominant-Negative
N-Cadherin Expression

Cadherins are transmembrane glycoproteins that mediate adherence between many
cell types including intestinal epithelial cells. On the cytoplasmic side they bind to
the cytoskeleton via interactions wighcatenin and on the cell surface, and they
enter homophilic interactions with cadherins on neighboring cells (180). Recently,
Hermiston & Gordon created a model with disrupted epithelial cell cadherin func-
tion by expressing a dominant-negative N-cadherin in epithelial cells that interfere
with normal expression of E-cadherin (64). In particular, they inserted embryonic
stem cells with an N-cadherin gene lacking an extracellular domain under the con-
trol of a small intestinal epithelial cell promotor (the fatty acid binding protein
promotor) into blastocysts to obtain chimeric mice that displayed patches of ep-
ithelial cells with poor cell-cell adhesion. The chimeric mice developed transmural
cellular infiltration, cell crypt abscesses, goblet cell depletion, and both apthous and
linear ulcers in lamina propria areas subjacent to the epithelial patches containing
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cells with defective adherence but not in areas subjacent to epithelial patches with
normally adherent epithelial cells.

The most reasonable explanation for this pattern of inflammation is that in
areas of the mucosa where there is breakdown of the epithelial barrier (owing in
this case to defective cell-cell adhesion) there is excessive exposure of mucosal
lymphoid elements (normal mucosal microflora), which subsequently leads to a
nonhomeostatic immune response and mucosal inflammation. This picture is thus
not unlike that in TNBS colitis, in which the introduction of TNBS in the presence
of the substance (ethanol) that disrupts the mucosal barrier leads to an unbalanced
immune response and subsequent inflammation. As to the question of why such
exposure leads to inflammation, it can be postulated that any exposure of the
mucosal immune system to antigens in a manner that bypasses the Peyer’s patches
leads to an inadequate regulatory T cell response because such cells preferentially
develop in the organized lymphoid tissue of the mucosa. Finally, because the
N-cadherin dominant-negative model of inflammation occurs in the vicinity of
porous epithelial cells despite the fact that the microbial microflora are identical in
both nonporous and porous areas, it is an exquisite demonstration of the fact that
antigens in normal mucosal microflora are sufficient for the induction of responses
that lead to disease.

Colitis in mdrla-Deficient Mice

A second and equally interesting model of colitis related to barrier function is a
mouse model characterized by deficiency infidrlagene (65). This gene is one
of several “multiple drug-resistant” (mdr) genes expressed in many cells (including
epithelial cells) that belong to a family of transporter proteins that pump small am-
phiphilic and hydrophobic molecules out of the cell and thus confer drug resistance
(181, 182). This model was created because the gene encodingithiatrans-
porter is present in a region of the human genome that is thought to harbor a disease
gene that leads to inflammatory bowel disease (183, 184). Bone marrow transfer
studies involving wild-type donor cells intmdrladeficient recipients demon-
strated that the colitis developsnmdrladeficient mice because of the deficiency
of mdrlain epithelial cells rather than in lymphoid or myeloid cells (65). Thus, the
model allows one to focus on the role of epithelial cells in mucosal inflammation.

Colitis developing ilmdrladeficient mice is a spontaneous colitis consisting
of atransmural T cell and B cell infiltration that is similar to that found in Crohn’s
disease (despite the fact that it has been called a model of ulcerative colitis). It is
important to mention, however, that the epithelial cellswirladeficient mice are
arrayed in long, dysregulated crypts that are associated with crypt abscesses and
surface ulcerations (65). The Crohn’s disease—like picture was borne out by the
presence of an mMRNA cytokine profile indicative of a Th1l-mediated inflammation
(J. Viney, personal communication).

Recently, it has been shown that mucosal organisms can profoundly influence
epithelial cell function with respect to cytokine/chemokine secretion. This influ-
ence can be negative in that epithelial cell interactions with certain nonpathologic
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organisms leads to a block in ubiquitination ef8kx (necessary fordBa degra-
dation) and thus a subsequent block in MB-{ranslocation to the nucleus (185).
This influence can also be positive because bacterial flagellin, signaling through
TLR-5, leads to NFeB expression (186). If these events are influenced or caused
by bacterial products entering the cell, we can see how epithelial cell function
can be negatively or positively impacted by a defect in a transporter mechanism.
Furthermore, we can understand how such negative or positive perturbation could
lead to increased epithelial cell production of chemokines and cytokines that lead
to the influx of inflammatory elements into the epithelial layer. Thus, it seems pos-
sible that themdrladeficient mouse does not develop inflammation because of
increased epithelial layer permeability per se but because of increased bacterially
induced activation of epithelial cells.

Dextran Sulfate Colitis

Yet another model of colitis that is at least partially related to a change in ep-
ithelial cell barrier function is the colitis induced by the physical agent, dextran
sulfate sodium. This is a relatively old model that has been frequently used to
study the efficacy of potential therapeutic agents because of its ease to induce via
administration of DSS in drinking water and because DSS induces a consistent
level of colitis with a defined onset (18—-22). As mentioned in the Introduction,
DSS colitis can be induced in Rag-2—deficient or thymectomized mice (22). This
argues that the mechanisms of inflammation in this form of colitis are, at least
initially, the activation of nonlymphoid cells such as macrophages and the release
of pro-inflammatory cytokines (187, 188). Changes in epithelial barrier function
as measured by permeability of the intestinal wall to Evan’s blue can be found
early (several days before the onset of frank inflammation) (19) and thus may
set the stage for macrophage activation. The relation of DSS colitis to epithelial
barrier function is further suggested by the fact that administration of DSS to mice
with deficiency of intestinal trefoil factor, a factor important to maintenance and
repair of the epithelial layer, leads to a far more severe colitis than observed in
normal mice (189). However, this may be a result of the fact that epithelial cell
layer integrity plays a role in the initiation of DSS colitis as indicated above, or
because reestablishment of such integrity is a condition of colitis resolution. In the
acute stages of DSS colitis the (secondary?) T cell response consists of a polarized
Th1 response, but in later and more chronic phases of the inflammation, a mixed
Th1/Th2 response occurs (188). In either case, DSS elicits the secretion of large
amounts of TNFe and IL-6, which are mainly responsible for the tissue damage
in the disease.

Whereas antigens in the mucosal microflora probably play a role in the pro-
duction of DSS caolitis, it has recently been shown that they also play a role in
the suppression (and resolution) of the colitis. This is shown by the fact that
mice administered-galacocylceramide (a glycolipid antigen that activates NK
T cells when presented to them in the context of CD1d, a nonclassical MHC
class | antigen-presenting molecule expressed on epithelial cells and other APCs)
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manifest decreased DSS colitis as compared with mice administered a control gly-
colipid without these properties. This improvement is not seen in mice deficient
in CD1d or in Rag-/— negative mice deficientin T cells (and NK T cells) (61).
Finally, by confocal microscopy the administeredjalactocylceramide could be
localized to the epithelium. These studies reveal that NK T cells stimulated by
glycolipid antigen play a protective role in DSS colitis that is not unlike their role
in the SCID colitis model mentioned above. The mechanism of this role is not
yet defined, but given the localization of the stimulating antigen to the epithelium,
the NK T cells may be secreting substances that reestablish epithelial integrity or
regulate other aspects of the mucosal environment that normally drive the colitis in
this model. As discussed in relation to NK T cells found in CCR5-deficient mice,
this may involve the secretion of Th2 cytokines.

TREATMENT OF MODELS OF MUCOSAL INFLAMMATION

The fact that models of mucosal inflammation, whatever their underlying cause,
resolve themselves into either Thl or Th2 T cell-mediated inflammation has led to
the recognition that models of vastly different etiologies can be treated with agents
that block these final common pathways at any of a variety of points. As shown in
Figure 2, “points of attack” in the Thl pathway can readily be identified and can

be used to block the pathway in both models of inflammation and human Crohn’s
disease. A similar diagram can be drawn with respect to the Th2 pathway, which
can be applied to Th2 models of inflammation and perhaps human ulcerative colitis.

Only the broad outline of such treatment approaches can be discussed in this
review. With respect to Thl-mediated inflammation, the use of agents that block
IL-12 secretion or IL-12 activity provides the most direct approach because, as we
have seen, depriving Th1 cells of IL-12 leads to their apoptosis (32, 123). It should
be noted that not only anti-IL-12, but also other agents that downregulate 1L-12
secretion are possible therapeutic agents in this context (190, 191). A related kind
of therapy involves the use of anti—-TNFantibody and soluble TNF-R agents that,
as discussed above, block the Th1l response at both the inductive and the effector
phases of the response. This approach has already proven useful in the treatment
of human Crohn’s disease (192).

A parallel approach to Th2-mediated inflammation is more problematic in that
although anti—IL-4 may be an effective treatment of Th2 models, it does not apply
to human ulcerative colitis because this disease has not been shown to be caused
by IL-4 dysregulation. A promising alternative approach is to target IL-6R with
the use of an anti—IL-6 receptor antibody (193, 194). Such therapy blocks IL-6
“transsignaling” and leads to the apoptosis of both Thl and Th2 T cells. Thus, it
is theoretically applicable to both Th1- and Th2-mediated inflammation.

It is also possible that models of inflammation can be treated with regulatory
(suppressive) cytokines such as IL-10 or TGHn studies conducted so far IL-10
has been applied with mixed success and, likewise, has been only marginally ef-
fective in human IBD (195, 196). The problem may be one of cytokine localization
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Figure 2 As shown in this diagram of Thl T cell-mediated mucosal inflammation, the
Thl pathway can be “attacked” (i.e., inhibited or disrupted) at many different points, each
representing a potential means of therapeutic intervention. These points are defined as

follows: 1) inhibitors of IL-12/IL-18 (i.e., anti—IL-12, rCT-B, g8-agonists); 2) inhibitors of
DC-T cell interaction (i.e., anti-CD40L or anti-CD134); 3) inhibitors of TMKke., anti—
TNF-« and TNFeaR); 4) IL-10 and TGFB (i.e., TGF$ or IL-10 plasmids or administration
of Th3 or Trl cells); 5) inhibition of IL-@rans-signaling, anti—IL-6R; 6) NFeB inhibitors;

7) inhibitors of homing or adhesion (i.e., an#87, antieES7, anti-CD44v7, or anti-sense
oligos to ICAM1); 8) downstream inhibitors of TN&-i.e., phosphodiasterase inhibitor 4,
pentoxyphylline, thalidomide, or metalloproteinase inhibitors).

because there is one report that IL-10 delivered bgi@ococcus lactisrganisms
was effective in two forms of experimental colitis (197). The use of Tgkas
been explored in studies in which plasmids encoding TG&re administered
intranasally (29). As mentioned above, this leads to cells producing A @&t

migrate to mucosal tissues that are capable of reversing established TNBS colitis. A

possible objection to this approach is that TGEan induce fibrosis; however, the
plasmid also induces IL-10 secretion, which appears to suppresgfHaBuced
fibrosis (198).

Other approaches to the treatment of models of mucosal inflammation include
the use of agents that target homing and localization of inflammatory cells. This
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includes antibodies to integrins (anti-MadCAM-1, am¢j8; and anti-CD44v7

as well as anti-sense oligonucleotides that interfere with integrin synthesis (199—
201). Finally, attempts to control the mucosal inflammation by the use of agents
that block the NR¢B pathway have been tested with some success in murine
models (202—-203). The question is whether such therapy will cause unacceptable
toxicity when applied to humans.

CLOSING CONSIDERATIONS

In this review of models of mucosal inflammation we have sought to emphasize re-
current characteristics of the models that allow them to be understood within a more
or less consistent framework. This is perhaps best encapsulated by the fact that the
models are invariably associated with one or another genetically determined or in-
ducedimmune imbalance that ultimately expresses itself as atype 1 defect owing to
excessive effector cell response or atype 2 defect owing to an inadequate regulatory
cellresponse. Furthermore, in both the type 1 and type 2 defects, the response takes
the form of either a Th1l or Th2 T cell-mediated inflammation that is driven not by
antigens associated with exogenous pathogenic organisms but by antigens associ-
ated with the normal mucosal microflora. Given the fact that such antigens are the
equivalent of self-antigens, the models may thus be visualized as a special type of
autoimmunity that takes on a somewhat unique form because it involves effector
and regulatory cell mechanisms that are characteristic of mucosal responses.

The impact of the knowledge gained from the study of models of inflammation
on the understanding of human IBDs is difficult to exaggerate. Thus, it is fair
to say that the framework used to visualize the pathogenesis of these diseases is
currently derived largely from the murine models and, in turn, new patient-oriented
research is mainly motivated by one or another aspect of the models. This includes
research on new treatments of the disease that are either suggested by the models or
are tested in the models. Looking ahead to the emerging area of genetic research
in IBDs, the models will be an essential tool in the identification of genes that
determine susceptibility and resistance to these diseases and thus the genes that
will enable their genetic manipulation.

Visit the Annual Reviews home page at www.annualreviews.org
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